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PREFACE 


Thermoelectric  materials  are  utilized  in  a  wide  variety  of  applications 
related  to  solid-state  refrigeration  or  small-scale  power  generation. 
Thermoelectric  cooling  is  an  "environmentally  friendly"  method  of  small- 
scale  cooling  in  specific  applications  such  as  cooling  computer  chips  and 
laser  diodes.  Thermoelectric  materials  are  used  in  a  wide  range  of 
applications  from  beverage  coolers  to  power  generation  for  deep-space 
probes  such  as  the  Voyager  missions.  Over  the  past  thirty  years,  alloys  based 
on  the  Bi-Te  systems  ((Bii.xSbx)2  (Tei.xSexIsI  and  Sij.xQex  systems  have  been 
extensively  studied  and  optimized  for  their  use  as  thermoelectric  materials  to 
perform  a  variety  of  solid-state  thermoelectric  refrigeration  and  power 
generation  tasks.  Despite  this  extensive  investigation  of  the  traditional 
thermoelectric  materials,  there  is  still  a  substantial  need  and  room  for 
improvement,  and  thus,  entirely  new  classes  of  compounds  will  have  to  be 
investigated. 

Over  the  past  two-to-three  years,  research  in  the  field  of  thermoelectric 
materials  has  been  undergoing  a  rapid  rebirth.  The  enhanced  interest  in 
better  thermoelectric  materials  has  been  driven  by  the  need  for  much  higher 
performance  and  new  temperature  regimes  for  thermoelectric  devices  in 
many  applications.  The  essence  of  a  good  thermoelectric  is  given  by  the 
determination  of  the  material's  dimensionless  figure  of  merit,  ZT  =  (a2a/A,)T, 
where  a  is  the  Seebeck  coefficient,  o  the  electrical  conductivity  and  \  the 
total  thermal  conductivity.  The  best  thermoelectric  materials  have  a  value  of 
ZT  =  1 .  This  ZT  «  1  has  been  an  upper  limit  for  more  than  30  years,  yet  no 
theoretical  or  thermodynamic  reason  exits  for  why  it  can  not  be  larger.  The 
focus  of  the  symposium  is  embodied  in  the  title,  “Thermoelectric  Materials: 
new  Directions  and  Approaches. "  Many  of  the  researchers  in  the  field 
believe  that  future  advances  in  thermoelectric  applications  will  come 
through  research  in  new  materials.  We  have  many  new  methods  of  materials 
synthesis  and  much  more  rapid  characterization  of  these  materials  than  were 
available  20-to-30  years  ago.  We  have  tried  to  focus  the  symposium  on  new 
directions  and  new  materials  such  as  skutterrudites,  quantum  well  and 
superlattice  structures,  new  metal  chalcogenides,  rare  earth  systems,  and 
quasicrystals.  Other  new  materials  are  also  presented  in  these  proceedings. 

Many  new  researchers  and  new  ideas  are  appearing  in  this  field  and  this 
gives  us  cause  for  anticipation  about  the  future  of  the  field.  It  is  the  hope  of 
the  organizers  of  this  symposium  that  these  proceedings  will  provide  a 
benchmark  for  where  we  are  in  the  field  as  well  as  where  we  are  going. 
These  proceedings  should  also  provide  the  background  for  new  people  in 
the  field  and  will  hopefully  inspire  even  more  directions  and  approaches  for 
research  than  are  presented  here. 


Terry  M.  Tritt 
Mercouri  Q.  Kanatzidis 
Hylan  B.  Lyon,  Jr. 
Gerald  D.  Mahan 

June  1997 
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ABSTRACT 

The  efficiency  of  thermoelectric  technology  today  is  limited  by  the  properties  of  available 
thermoelectric  materials  and  a  wide  variety  of  new  approaches  to  developing  better  materials 
have  recently  been  suggested.  The  key  goal  is  to  find  a  material  with  a  large  ZT,  the 
dimensionless  thermoelectric  figure  of  merit.  However,  if  an  analogy  is  drawn  between 
thermoelectric  technology  and  gas-cycle  engines  then  selecting  different  materials  for  the 
thermoelements  is  analogous  to  selecting  a  different  working  gas  for  the  mechanical  engine.  And 
an  attempt  to  improve  ZT  is  analogous  to  an  attempt  to  improve  certain  thermodynamic 
properties  of  the  working-gas.  An  alternative  approach  is  to  focus  on  the  thermoelectric  process 
itself  (rather  than  on  ZT),  which  is  analogous  to  considering  alternate  cycles  such  as  Stirling  vs. 
Brayton  vs.  Rankine  etc.,  rather  than  ‘merely'  considering  alternative  ‘gases'.  Focusing  on  the 
process  is  a  radically  different  approach  compared  to  previous  studies  focusing  on  ZT.  Aspects 
of  the  thermoelectric  process  and  alternative  approaches  to  efficient  thermoelectric  conversion 
are  discussed. 


INTRODUCTION 

Modern  thermoelectric  energy  conversion  devices  achieve  only  a  small  fraction  of  Carnot 
efficiency.  The  fundamental  problem  is  that  the  transport  properties  of  available  materials  are 
insufficient.  In  spite  of  significant  effort,  neither  the  experimental  nor  the  theoretical  situation  has 
changed  substantially  in  several  decades  [1]. 

Experimentally,  there  are  several  rather  different  thermoelectric  materials  available  which 
achieve  about  the  same  efficiency  over  different  temperature  ranges  (approximate  peak  efficiency 
temperatures  shown  in  parenthesis):  BiSb  alloys  (100  K),  B^Tes-based  alloys  (300-400  K), 
PbTe-based  alloys  (600  K-700  K),  and  SiGe  alloys  (1100-1200  K).  The  best  thermoelectric 
materials  each  achieve  peak  efficiency  values  up  to  about  17%  of  Carnot  efficiency.  Moreover,  it 
is  not  simply  the  case  that  more  efficient  materials  are  known  but  are  impractical  for  some  reason. 
There  simply  aren’t  any  known  materials  with  significantly  better  thermoelectric  properties. 

Theoretically,  however,  there  is  no  known  upper  limit  to  the  efficiency  of  thermoelectric 
conversion  beyond  the  usual  Carnot  limit.  A  natural  question  is,  then:  why  do  the  best  known 
thermoelectric  materials  exhibit  about  the  same,  relatively  low  efficiency? 

Rather  than  focusing  on  the  properties  of  individual  thermoelectric  materials,  this  paper 
attempts  to  illuminate  the  question  by  examining  the  nature  of  the  thermoelectric  conversion 
process  itself  It  is  shown  that  an  analogy  can  be  drawn  between  the  thermoelectric  conversion 
process  and  a  type  of  thermodynamic  process  involving  exchange  of  particles  which,  it  turns  out, 
exhibits  many  features  usually  associated  with  thermoelectric  processes. 

The  following  sections  outline  the  essential  phenomenology  of  thermoelectricity  and  using  a 
parallel  formalism  a  particular  open  thermodynamic  process.  Based  on  this  analogy,  the 
‘thermoelectric  cycle’  can  be  described.  A  more  familiar  example,  based  on  a  conventional 
pressure-volume-temperature  (P-V-T)  is  also  described  in  a  similar  way.  Some  typical 
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experimental  results  and  resulting  efficiencies  are  briefly  discussed  and  finally,  some  conclusions 
are  presented. 


THERMOELECTRICITY 


Thermoelectricity  may  be  characterized  by  the  simultaneous  effects  of  both  electrical  and 
thermal  currents.  Using  the  conventional  definitions  for  the  transport  coefficients,  thermoelectric 
behavior  is  well  approximated  by 

r  =  a^E  -  aVT) 

q  =  TS  (1) 

=  aTr-xyT 

or 


with  the  transport  matrix  L  given  by 


a, 

,CTj.a 


(3). 


Here  i  is  the  electric  current  density,  E  is  the  electric  field,  q  is  the  heat  current  density,  s  is  the 
entropy  current,  VT  is  the  temperature  gradient,  oy  is  the  electrical  conductivity  and  a  is  the 
Seebeck  coefficient.  Xe  is  the  thermal  conductivity  measured  under  the  condition  of  zero  electric 
field.  The  symmetry  of  Eq.  (3)  (i.e.  that  the  off  diagonal  elements  of  the  coefficient  matrix  are 
identical)  is  due  to  one  of  the  Onsager  reciprocal  relations  [2], 

Because  measurement  of  thermal  conductivity  under  the  condition  E~Q  presents  experimental 
difficulties,  the  ordinary  thermal  conductivity  (/I,)  is  measured  under  the  condition  /=0. 
Similarly,  the  electrical  conductivity  may  be  measured  in  more  than  one  way.  The  ordinary 
electrical  conductivity  {of)  is  measured  with  zero  temperature  gradient.  In  principle,  however, 
the  electrical  conductivity  could  also  be  measured  under  adiabatic  conditions,  that  is  with  q=Qi. 
The  adiabatic  electrical  conductivity  (designated  of)  is  smaller  than  the  isothermal  electrical 
conductivity.  Using  the  definitions  and  Eq.  (3),  the  relationships  between  the  thermal  and 
electrical  coefficients  may  be  succinctly  summarized  by 


u+zr 


(4) 
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where  ZT  is  the  dimensionless  thermoelectric  figure  of  merit.  The  symbol  y  is  introduced  here 
because  of  the  similarity  (which  will  be  illustrated  below)  with  the  ratio  of  the  constant  pressure 
to  constant  volume  specific  heat. 


THERMODYNAMICS  OF  AN  OPEN,  ONE  COMPONENT  SYSTEM 


The  thermodynamics  of  an  open,  one  component  system  can  be  described  using  a  notation 
similar  in  form  to  the  notation  used  above  for  thermoelectricity.  Consider  a  substance  consisting 
of  N  particles  characterized  by  a  chemical  potential  /i  and  temperature  T,  each  of  which  is 
allowed  to  vary.  In  particular,  consider  the  thermodynamics  of  adding  a  particle  to  the  system. 
The  changes  in  iV,  heat  and  entropy  are  given  by 


dN  = 


dn 


dfi+ 


dr 


dT 


dQ^TdS 

=  -^N  +  dU 


(5) 


\ 

-M 

T  J 


dN  +  —\ 

dr 


dT 


which  is  conveniently  summarized  in  matrix  form  as 


'dN' 

^dS 


dji 

.dL 


(6) 


with  the  capacity  matrix,  C,  given  by 


C  = 


dn 


dT 


T  dn 


1 

'  dJ 

dN 

fdU 

T 

dT 

dT 

(7). 


The  symmetry  of  C  is  a  consequence  of  the  second  law  of  thermodynamics  and  the  off- 
diagonal  elements  are  exactly  equal 


d. 
=  C 


C  = 

''  dT 


21 

T  dn 


(8) 


dU 

cN 


C22  may  be  identified  as  the  entropy  capacity  at  constant  p  (Q,)  and  using  Eqs.  7  and  8 
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(9). 


dr 


j_£/| 

T  dr\ 


N 


fdJ 

.V 

r"^J 

a; 

dr 

N 

The  prefactor  of  Eq.  9  is  just  the  entropy  capacity  at  constant  N  (C^),  and  a  y  can  now  be  defined 
for  this  system  as  well 


y  ttt 


c„ 


cN 

(dJ 

.V 

dfi 

dlJ 

dr 

N 

(10) 


At  this  point  the  structure  of  the  capacity  matrix  C  may  not  appear  particularly  similar  to  the 
structure  of  the  transport  coefficient  matrix  L,  but  the  primary  difference  is  that  the  coefficients  of 
C  are  simply  less  familiar. 


CONVERSION  EFFICIENCY 


Define  the  thermoelectric  efficiency  as 
-El 

~5  (-V7’) 


(11). 


Using  Eq.  (1)  to  eliminate  E  and  q,  and  optimizing  with  respect  to  i,  the  maximum  efficiency  can 
be  derived  for  a  fixed  VT: 


max 


■Jy  El  ' 
■Jy  E,  + 1 


(12). 


This  is  the  usual  expression  for  the  efficiency  of  a  thermoelectric  generator,  which  approaches 
unity  as  fa  (or  ZT)  diverges. 

The  analogous  efficiency  expression  for  the  /j-N  system  is 
-d^N 
"  dSdT 
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dpdN  is  simply  the  infinitesimal  chemical  (or  electrochemical,  if  the  particles  are  charged)  work 
performed  by  a  cyclical  process  of  two  constant  chemical  potential  processes  d/i  apart  and  two 
constant  particle  number  processes  dN  apart.  This  work  is  illustrated  schematically  in  Fig.  1. 

aKyr  represents  the  infinitesimal  work 
performed  by  a  cyclical  process  consisting  of 
two  isothermal  steps  dT  apart  and  two 
adiabatic  steps  dS  apart  in  entropy.  The 
efficiency  defined  in  Eq.  (0)  is,  therefore,  the 
ratio  of  the  actual  work  performed  in  this 
type  of  process  to  the  work  performed  by  a 
Carnot  cycle  operating  between  two 
temperatures  represented  by  dT. 

The  maximum  efficiency  for  this  type  of 
process  is  derived  in  precise  analogy  to  the 
thermoelectric  expression  above:  use  Eq.  7  to 
eliminate  dfi  and  dS,  and  optimize  with 
respect  to  dN 

Fig.  1:  Schematic  representation  of  d/jdN  jjjg  similarity  in  form  between  the  expression 
work.  The  lines  indicate  the  N-fi  equation  of  fo,-  (),g  efficiency  of  this  /i-N  system  and  the 
state  at  Ti  and  T3.  thermoelectric  system  carries  over  to  the 

magnitude  of  the  efficiency  also,  which  may 

be  illustrated  by  the  following  discussion. 

As  a  specific  example,  consider  a  non-degenerate  electron  gas  with  the  usual  equation  of  state 

A^  =  2.5;c1o4-?-1 


and  internal  energy 

U  =  -NkT 
2 

from  which  we  can  calculate  the  capacity  matrix 


2  kT 


1_a1 

2  kTj  [2  [2  kTj  jj 


and  the  ratio  of  the  entropy  capacities 
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Fig.  2:  Equation  of  state  for  a  non-degenerate  electron  gas  illustrating  dfjdN  work. 


=1  + 


kT. 


3 

2 


(18). 


If  we  further  assume  an  energy  independent  mean  free  path  and  we  neglect  heat  transport  due  to 
phonons,  we  can  calculate  the  transport  matrix 


L  = 


£_ 

kT 


(19) 


and  the  ratio  of  the  thermal  conductivities 
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r^,=\+ZT=\  + 


(20) 


which  is  the  usual  result  for  ZT  under  these  conditions. 

In  this  case  the  transport  matrix  is  very  similar  to  the  capacity  matrix,  differing  primarily  by  the 
introduction  of  a  characteristic  relaxation  time  (which  enters  into  the  isothermal  electrical 
conductivity,  oj)  and  a  minor  modification  of  the  numerical  coefficients  (i.e.  where  “3/2”  enters 
several  coefficients  in  C,  “2”  enters  in  L).  Properly  accounting  for  genuine  transport  effects 
(primarily  the  energy  dependence  of  the  relaxation  time)  and  heat  loss  mechanisms  (primarily 
phonon  transport)  greatly  complicate  this  comparison,  but  it  may  be  of  interest  to  note  that  the 
order  of  magnitude  of  thermoelectric  effects  can  be  understood  as  originating  from  these 
fimdamental  thermodynamic  considerations. 


THE  ‘THERMOELECTRIC  CYCLE’ 


This  section  describes  the  thermodynamic  cycle  by  analogy  to  the  fi-N  system  described 
above.  While  this  system  is  obviously  not  identical  to  the  thermoelectric  process,  it  nevertheless 
appears  to  capture  many  of  the  features  essential  to  understanding  thermoelectric  phenomena  and 
deserves  some  attention  for  that  reason. 

Fig.  2  illustrates  the  equation  of  state  and  dfjdN  -type  work  discussed  above  for  a  non¬ 
degenerate  electron  gas.  Since  the  process  is  far  removed  from  a  Camot-cycle  (composed  of  two 
isotherms  and  two  adiabats),  the  efficiency  is  low.  Nevertheless,  at  very  low  carrier 
concentrations  (i.e.  large,  negative  values  of  //),  diverges  and  the  efficiency  approaches  unity, 
as  indicated  by  of  Eqs.  18  and  14. 

Fig.  3  illustrates  how  a  conventional 
thermocouple  may  be  thought  of  as  a  succession  of 
infinitesimal  d/jdN  processes  in  which  an 
infinitesimal  charge  dN  circulates  around  the  closed 
circuit.  The  work  performed  and  efficiency  of  this 
process  is  surprisingly  well  described  by  entirely 
neglecting  the  true  transport  nature  of  the  process 
and  instead  examining  only  the  purely 
thermodynamic  considerations  described  here, 
particularly  if  the  effect  of  phonon  transport  is 
neglected. 

THERMODYNAMICS  OF  A  P-F 


Fig.  3;  The  ‘thermoelectric  cycle’  may  he 


SYSTEM 


described  as  a  succession  of  d/jdN  ^  3  example  we  consider  a  P-V  system, 

processes,  passing  an  infinitesimal  charge  which  may  be  more  familiar  than  the  N-/x  system 
(dN)  around  a  closed  circuit  of  dissimilar  above  and  where  experimental  data  indicate  at  least 
materials.  method  for  achieving  high  efficiencies.  Using 


the  ordinary  thermodynamic  definitions,  state 


changes  in  a  P-V  system  may  be  represented  in  an  entirely  similar  way  by 
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Fig.  4:  Specific  heat  ratios,  y/>i  fora  system  (Freon  12)  and  thermal  conductivity  ratios, 
y£i=l+ZT,  for  selected  n-type  semiconductor  alloys  as  a  function  of  temperature. 


'dV\_fVicT  VpY-dP\ 
.dS)\Vp  C.lTKdT) 


(21) 


Here  dV,  dP,  dS  and  dT  have  their  usual  thermodynamic  meaning  xy  is  the  isothermal 
compressibility,  P  is  the  volume  coefficient  of  thermal  expansion  and  Cp  is  the  constant  pressure 
specific  heat.  As  above,  the  symmetry  Eq.  (21)  (i  e.  that  the  off  diagonal  elements  of  the 
coefficient  matrix  are  identical)  is  a  result  of  the  well  known  Maxwell  relations. 

It  is  convenient  to  also  define  the  constant  volume  specific  heat  (Cj.)  measured  with  dV=Q  and 
the  adiabatic  compressibility  (xs)  measured  with  dS=0  The  relationships  between  the  heat 
capacities  and  compressibilities  may  be  simply  summarized  by 


fCj 


KjCy 


(22), 


where  now  ypv  has  the  conventional  thermodynamic  meaning. 
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Snecific  Vohime  (cdQ\ 

Fig.  5:  i’Kdiagram  for  Freon-12  (CCI2F2).  The  two  phase  region  is  light  gray  and  the 
liquid  is  the  darker  gray  region  to  the  left.  Isotherms  are  indicated  by  light  lines  and  a 
typical  dPdV  element  is  indicated  by  the  rectangle. 


TYPICAL  EXPERIMENTAL  RESULTS  FOR  THERMOELECTRICS 

The  thermoelectric  figure  of  merit,  ZT,  has  been  measured  for  many  materials  and  Fig.  4 
shows  representative  results  for  three  of  the  best  n-type  semiconductor  alloys  known.  Even  for 
the  best  known  materials  ZT  does  not  yet  significantly  exceed  unity,  which  is  to  say  that  y®  does 
not  significantly  exceed  2. 

TYPICAL  RESULTS  FOR  GASES 

For  an  ideal  classical  gas  the  equipartition  theorem  yields, 

rp.=l  +  y  (23) 

where  f  is  the  number  of  degrees  of  freedom  associated  with  a  single  gas  molecule.  Since  fe3, 
ypv  <1 .67  for  ideal  gases.  At  low  pressures,  for  example,  monatomic  gases  such  as  Argon  exhibit 
ypp=1.67. 
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Condensable  gases,  however,  can  exhibit  values  for  ypv  much  greater  than  2.  As  a  typical 
example,  the  experimental  properties  of  Freon  12  (calculated  from  fits  given  in  [3])  have  been 
used  to  illustrate  the  key  features  in  Fig,  5. 

dP 

Note  that  —  =  0  at  the  critical  temperature,  Tc.  Thus  xy,  Cp,  and  ypy  all  diverge  at  T^.  ypv 
3^  T 

of  Freon  12  gas  has  been  calculated  from  fits  of  the  experimental  results  [3]for:  T<Tc  along  the 
boundary  between  the  gas  phase  and  the  two  phase  region  and  for  T>Tc  at  the  critical  density 
(0.556  g/cm^).  The  results  are  shown  in  Fig.  4  for  comparison  purposes. 

Freon  12  has  been  chosen  for  illustrative  purposes  only  and  a  great  many  other  condensable 
gases  exhibit  qualitatively  similar  behavior:  ypy  is  large  for  conditions  near  the  critical  point  and 
approaches  a  value  between  1  and  1.67  for  conditions  far  from  the  critical  point.  The  large 
values  observed  for  ypy  near  the  critical  point  are  in  sharp  contrast  to  the  universally  small  values 
of  Ya  (less  than  about  2)  reported  for  thermoelectric  materials 


CONVERSION  EFFICIENCY  FOR  THE  ANALAGOUS  E-F  SYSTEM 


The  analogous  efficiency  expression  for  the  P-V  system  is 


dPdV 
~  dSdT 


(24), 


Interpretation  is  particularly  simple  for  the  PV  system  dPdV  is  simply  the  infinitesimal 
mechanical  work  performed  by  a  cyclical  process  of  two  constant  pressure  steps  dP  apart  and 
two  constant  volume  steps  dV apart.  This  work  is  illustrated  by  the  small  rectangle  in  Fig,  4. 

Again,  the  maximum  efficiency  for  this  type  of  process  is  derived  in  precise  analogy  to  the 
thermoelectric  expression  above  (use  Eq.  21  to  eliminate  dP  and  dS,  and  optimize  with  respect  to 
dV). 


max 

C  py 


(25). 


While  ypy  becomes  very  large  for  PV  conditions  near  the  critical  point,  under  most  conditions  ypy 
is  actually  quite  small..  For  example  Freon  12,  at  300  K  and  0.1  MPa  (1  atm  ),  has  ypy  =1.14 
and  Spy  of  only  0.033  (i.e  3.3%  of  Carnot  efficiency). 

It  is  important  to  point  out  that  the  familiar  condensable  gas  conversions  systems  (such  as 
Freon-based  refrigerators  and  steam  engines)  are  not  based  on  the  dPdV-iype  process  described 
by  Eq.  (25),  but  on  a  much  more  efficient  vaporization/condensation  cycle.  High  values  of  ypv 
are  not  important  to  the  efficiency  of  such  devices 

For  at  least  a  limited  range  of  PVT  conditions  near  a  critical  point,  very  high  ypy  have  been 
observed  and  it  might  be  interesting  to  look  for  thermoelectric  materials  with  analogous  critical 
points  where  high  ym  and  ZT  values  might  well  be  expected. 


CONCLUSION 

Several  key  features  of  thermoelectricity  may  be  understood  by  analogy  to  the 
thermodynamics  of  an  open  system  (referred  to  here  as  a  /u-N  system)  which  may  exchange 
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particles  and  heat  with  it’s  surroundings.  In  particular  the  relative  magnitudes  of  the  transport 
coefficients  and  the  order  of  magnitude  of  the  energy  conversion  efficiency  largely  originate  in 
the  thermodynamics  of  exchanging  particles,  at  least  for  simple  systems  where  scattering  rates 
depend  only  weakly  on  energy  and  phonon  transport  can  be  neglected. 

The  analysis  presented  here  suggests  at  least  three  distinct  methods  to  achieve  higher 
thermoelectric  efficiency:  1)  examine  systems  near  an  appropriate  electronic  phase  transition 
where  large  ygi  (and  ZT)  values  can  be  expected,  in  analogy  to  the  large  ypv  exhibited  near  (for 
example)  the  gas-liquid  critical  conditions,  2)  emphasize  systems  with  strong  interactions  among 
the  carriers  where  the  transport  matrix  L  may  become  dominated  by  purely  transport  effects  (like 
scattering)  and  3)  seek  to  modify  the  ‘thermoelectric  cycle’  to  utilize  more  favorable 
thermodynamic  processes. 

The  first  two  suggestions  seek  to  improve  the  properties  of  the  ‘working  fluid’,  while  the  final 
suggestion  focuses  attention  on  improving  the  ‘engine’  itself,  a  radically  new  approach  to 
thermoelectric  energy  conversion. 
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ABSTRACT 

In  good  thermoelectrics  phonons  have  short  mean  free  paths,  and  charge  carriers  have  long 
ones.  The  other  requirements  are  a  multivalley  band  structure  and  a  band  gap  greater  than  0. 1  eV 
for  the  200  to  300  K  temperature  range.  We  discuss  the  use  of  solid  state  physics  and  chemistry 
concepts,  along  with  atomic  and  crystal  structure  data,  to  select  the  new  materials  most  likely  to 
meet  these  criteria. 

BACKGROUND  AND  FUNDAMENTALS 

At  the  conceptual  level,  good  thermoelectrics  were  defined  in  1909-1 1  as  materials  in  which  Z  = 
S^a/X  is  large,  with  S,  o  and  X  being  the  Seebeck  coefficient,  electrical  conductivity,  and  thermal 
conductivity  respectively  [1].  At  the  material  level,  the  work  in  thermoelectrics  prior  to  1960 
demonstrated  that  the  best  thermoelectric  materials  would  be  semiconductors  formed  of  heavy 
elements.  According  to  these  principles,  BijTej-SbjTej-BijSCj,  Bi-Sb,  PbTe-PbSe  and  Si-Ge 
were  found  as  the  best  systems  for  exploiting  the  Peltier  (refrigeration)  and  Seebeck  (power 
generation)  effects. 

A  large  atomic  mass  contributes  to  low  lattice  thermal  conductivity.  Since  the  ZT  is  inversely 
proportional  to  the  total  thermal  conductivity,  it  is  obvious  that  a  low  lattice  contribution  is 
required.  It  is,  in  fact,  only  the  lattice  portion  that  distinguishes  different  candidates  in  transport 
models  based  on  simplified  bands  [2]:  optimized  ZT’s  depend  on  the  type  of  carrier  scattering  and 
the  unitless  parameter 

P  “ 

Lattice 

U  is  the  weighted  mobility  for  the  electrons  or  holes  which  have  mobility  p,  mass  m*  (free 
electron  mass  units),  and  which  populate  N.„  equivalent  valleys  of  the  band  structure: 

U  =  A,,  p(m*)’'l  (2) 


If  U  and  X-Lafce  are  expressed  in  m^  V' s"'  and  W  m"'  K‘*  respectively,  then 
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The  materials  used  in  today’s  thermoelectric  coolers  have  p  »  0  35 
We  want  high  carrier  mobility  but,  since  |i  decreases  as  m*  increases,  it  is  not  obvious  whether 
the  effective  mass  should  be  large.  A  considerable  range  of  effective  mass  magnitudes  is  found  in 
good  thermoelectrics.  Definitely,  though,  we  want  a  long  relaxation  time  for  the  carriers,  and  a 
large  number  of  valleys  in  the  band  structure  It  is  also  known  that  the  semiconductor’s  band  gap 
should  be  greater  than  6  kuT  [2],  or  perhaps  10  k|,T  [3] 

Figure  1  shows  lines  of  constant  ZT  in  the  plane  We  can  conclude  that  an  advanced 

thermoelectric  is  very  likely  to  have  <  3  W  m''  K  '  and  U  >  0  02  m^  V' s"'.  The  highest  U 
values  known  are  around  0.2  m^  V  '  s  ',  and  the  lowest  values  known  for  crystalline  solids 
are  around  0.4  W  m'‘  K  '.  Both  limits  must  be  approached  in  the  same  material  to  obtain  ZT  =  3, 
which  will  allow  thermoelectrics  to  compete  with  1/3  horsepower  compressors 
The  explicit  temperature  dependence  of  P,  T’  ’,  implies  a  very  strong  dependence  ofZT  on  T. 
However,  it  is  often  the  case  that  m  ~  T  '  ’  and  ~  T  *”  in  good  thermoelectrics  Assuming 
these  dependencies,  P  ~  T'  Because  ZT  varies  sublinearly  with  P  for  optimally  doped  samples 
(see  below),  a  typical  T  dependence  of  ZT  for  a  given  compound  is  ZT  ~  T,  until  intrinsic 
conduction  becomes  influential  We  might  expect,  then,  that  ZT  =  I  at  100  K  is  as  great  a 
challenge  as  ZT  =  3  at  300  K,  or  ZT  =  6  at  600  K.  On  the  other  hand,  lower  temperatures  allow 
smaller  band  gaps,  and  less  thermal  stability  is  required,  so  the  search  for  cooling  materials  is  less 
constrained  than  the  search  for  power  generation  materials 


Figure  1.  Lines  of  constant  ZT  showing  the  region  of 
materials  parameters  space  that  can  lead  to  ZT>1 .  The 
lines  are  for  an  extrinsic,  optimally  doped  semicon¬ 
ductor  at  300  K,  with  carriers  scattered  by  acoustic 
phonons. 
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FURTHER  CONSIDERATIONS 


In  order  to  move  forward  in  the  search  for  high  ZT,  fijrther  guidelines  for  materials  selection 
have  been  developed  to  find  high  U  and  low  X-tjiticc  semiconductors.  These  guidelines  can  be 
separated  into  those  concerned  with  electronic  transport,  and  those  concerned  with  thermal 
transport. 

Thermal 

The  of  the  semiconductors  InSb  and  SnTe  differ  by  one  order  of  magnitude,  even 

though  they  have  virtually  the  same  average  mass.  This  drastic  difference  is  attributed  to  the 
differing  atomic  environments  in  the  two  materials:  tetrahedral  in  InSb,  and  octahedral  in  SnTe 
[4].  We  do  not  know  of  an  analysis  of  cormecting  bonding  polyhedra  and  lattice  conductivity. 

One  can  speculate  that  the  longer  bonds  associated  with  higher  coordinations  are  characterized  by 
smaller  force  constants  (meaning  a  lower  Debye  temperature),  and  greater  anharmonicities. 

Unit  cell  complexity  also  bears  on  the  magnitude  of  X.La,j„.  All  other  factors  being  equal,  a  more 
complex  cell  is  expected  to  propagate  heat  less  efficiently.  This  is  principally  due  to  the  decrease 
of  the  acoustic  phonon  Debye  temperature  as  the  prinutive  cell  grows  in  size  [5].  When  the 
Debye  temperature  is  small,  a  greater  fraction  of  the  thermal  excitations  are  ones  which  may 
undergo  Umklapp  scattering. 

A  unique  approach  to  finding  a  material  with  low  lo  look  for  structures  with  large 

empty  cages  into  which  one  can  introduce  “fillers.”  The  idea  is  to  create  low  frequency,  highly 
anharmonic  vibrational  modes  in  order  to  scatter  acoustic  phonons,  hopefully  achieving  a 
close  to  the  theoretical  minimum,X.„j„.  Slack  introduced  this  concept  to  thermoelectrics  [6],  and 
proposed  that  it  be  attempted  with  the  skutterudite  structure,  which  has  two  cages  per  unit  cell. 
The  striking  decrease  of  in  filled  skutterudites  [7,  8]  gives  credibility  to  the  approach,  and 
could  lead  to  similar  successes.  In  the  ideal  case  the  filler  will  be  a  neutral  atom  or  molecule 
whose  motion  is  random  with  respect  to  that  of  its  neighbors.  Although  the  more  general  strategy 
described  here  is  not  directly  related  to  the  approach,  it  has  provided  a  basis  for  finding  new 
materials  whose  structures  contain  cages. 

Electronic 

Quantum  wells  of  thermoelectric  materials  can  have  much  improved  power  factors  (S^o), 
relative  to  the  bulk  values.  The  reason  is  predominantly  that  the  effective  density  of  states  is 
increased  by  confinement  in  the  direction  of  composition  modulation.  If  the  mobilities  in  the  two 
longitudinal  directions  do  not  change  much,  the  conductivity  is  higher  for  a  given  position  of  the 
fermi  level.  For  bulk  materials  selection,  the  lesson  to  be  learned  is  that  an  anisotropic  effect  mass 
tensor  is  advantageous  if  transport  is  arranged  in  the  direction  of  lowest  effective  mass. 
Significantly  anisotropic  effective  masses  are  found,  for  example,  in  naturally  layered  materials. 

It  is  also  held  that  thermoelectrics  are  likely  to  have  a  low  degree  of  ionicity,  so  that  the  atomic 
cores  carry  little  net  charge.  An  oscillating  ion  will  scatter  electrons  more  than  a  similarly 
vibrating  atom  that  is  nearly  neutral.  There  are  some  interesting  issues  associated  with  this 
criterion.  First,  since  thermoelectrics  will  contain  large  atoms  the  covalent  contribution  to  the 
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band  gap,  which  is  (qualitatively)  inversely  proportional  to  the  square  of  bond  length,  will  be 
small.  If  the  ionic  contribution  is  also  small,  then  the  total  gap  will  be  small  Second,  the  measure 
of  ionicity  that  is  used  in  practice  is  the  electronegativity,  but  the  definition  of  an  electronegativity 
scale  based  on  atomic  properties  is  an  ongoing  area  of  research  [9-12]  Finally,  if  there  is  little 
density  of  the  carrier  wavefunctions  in  the  vicinity  of  an  ion,  the  impact  of  that  ion  on  the  carrier 
mobility  will  be  lessened.  Such  might  be  the  case  when  charge  is  contributed  to  a  covalent 
network  by  alkali  metal  or  alkali  earth  constituents  of  a  Zintl  phase 

Unusual  electronic  properties  are  the  reason  that  rare  earth  semiconductors  are  receiving 
renewed  attention  as  possible  thermoelectrics  The  large  effective  masses  of /bands  can  yield 
high  power  factors,  even  in  metals  According  to  theory,  a  similar  effect  in  a  semiconductor  with 
low  might  yield  very  high  values  ofZT  [13].  Our  own  experimental  testing  of  this  theory  is 
beginning  with  compounds  that  do  have  a  low 

APPLYING  THE  CRITERIA 

If  it  is  accepted  that  most  of  the  unexplored  potential  of  new  bulk  materials  lies  in  ternaries  and 
quaternaries  [14],  then  it  must  also  be  accepted  that  there  will  be  little  direct  experimental 
foundation  for  selecting  materials  This  is  because  the  number  of  synthesized  and  tested  ternary 
semiconductors  is  too  small  a  fraction  of  the  totality  of  ternary  semiconductors  to  indicate  a 
direction  for  research  In  our  view,  the  selection  process  must  rely  on  our  understanding,  both 
empirical  and  conceptual,  of  binary  semiconductors. 

In  the  selection  process  we  are  employing,  the  first  step  is  to  limit  the  constituents.  This  is  done 
by  focusing  on  the  heaviest  (non-halogen)  anions:  Ge,  Sn,  Sb,  Te,  Pb  and  Bi  (Silicon,  arsenic 
and  selenium  are  also  of  some  interest,  but  mainly  to  the  extent  that  they  share  chemical 
tendencies  with  germanium,  antimony  and  tellurium  respectively.)  These  anions  are  of  the 
greatest  value  to  thermoelectrics  not  only  because  they  are  heavy,  but  also  because  their  bonds 
often  show  only  weak  .v  orbital  influence,  as  evidenced  by  smaller  bond  angles  and  longer  bond 
lengths  than  in  tetrahedral  arrangements  Further,  the  large  size  of  these  anions  makes  them  the 
most  polarizable,  which  means  their  compounds  may  have  large  dielectric  constants  to  screen 
impurity  scattering.  These  virtues  are  all  less  true  of  Ge  than  of  the  other  five  preferred  anions; 

Ge  is  included  mainly  to  address  the  need  for  high  melting  point  compounds  for  power  generation 
applications.  It  is  also  the  case  that  Sn  and  Pb  form  relatively  few  (binary)  semiconductors; 
including  Ge  greatly  increases  the  number  of  compounds  to  consider  that  have  a  Group  IV  anion 

We  have  sifted  through  the  binary  compounds  known  for  our  six  anions  and  56  selected  cations 
A  large  majority  are  metals  or  ionic  semiconductors  (average  bond  electronegativity  difference  > 
0.5,  [15]).  Yet,  a  few  distinct  binary  compounds  (counting  isostructural,  isovalent  systems  as  one 
compound)  that  have  the  semblance  of  good  thermoelectrics  (covalent,  high  average  mass,  high 
atomic  coordinations,  anisotropic  crystal  structure)  apparently  have  not  been  investigated  All  of 
these  compounds  are  polyanionic,  i.e.,  they  contain  anion-anion  bonds  In  turn,  many  of  the 
polyanionic  compounds  are  Zintl  phases,  in  which  the  cation  is  an  alkali  metal  or  alkali  earth 
element.  One  example,  BaSbj,  is  discussed  in  another  paper  in  these  proceedings 

In  addition  to  uncovering  a  few  binary  compounds  that  are  good  thermoelectric  candidates,  our 
survey  of  the  known  binaries  gives  us  a  basis  for  exploring  unknown  compounds,  primarily 
ternaries  for  now.  For  instance,  K  makes  semiconductors  with  both  Sn  and  Sb,  and  Sn  often 
acquires  a  bonding  environment  similar  to  that  of  Sb  in  its  elemental  form  (distorted  octahedral) 
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For  these  reasons,  we  conjectured  that  KSnSb  would  be  a  semiconductor  with  a  crystal  structure 
similar  to  that  of  Sb,  but  with  K  introduced  in  the  van  der  Waals  gaps.  This  conjecture  is  correct: 
KSnSb,  first  reported  in  1987,  has  the  expected  structure  [16],  and  is  a  narrow  band  gap 
semiconductor  according  to  theory  (local  density  approximation  with  augmented  spherical  wave 
method)  [17], 

Maps  of  semiconductivity  in  binary  systems  may  be  useful  as  a  basis  for  exploring  ternary 
compounds  in  a  more  general  fashion.  The  map  for  Sn  is  given  in  the  Figure  2.  For  combination 
with  Sn,  columns  V  through  VIII  of  the  main  group  were  ignored,  along  with  elements  that  are 
radioactive,  or  too  light  to  be  suitable  cations.  Elements  that  form  no  compounds  or  only  metals 
with  Sn  are  blank  or  dotted  respectively.  Dark  gray  areas  represent  elements  for  which  binary 
semiconductors  with  Sn  as  the  anion  are  known.  Light  gray  areas  represent  those  elements  for 
which  such  compounds  are  believed  to  exist,  with  the  basis  for  the  belief  being  the  generalized  8- 
N  rule. 

FIG.  2.  Binary  map  of  semiconductivity  for  Sn  as  the  anion.  Key  to  map:  slanted  lines— ignored, 
blank— no  compounds,  honeycomb— metals  only,  light  gray— presumed  semiconductors  (see  text), 
dark  gray  elements— known  semiconductors. 


Mooser  and  Pearson  formulated  the  generalized  8-N  rule  in  1956  [18].  The  8-N  rule  states  that 
an  atom  of  an  element  of  the  Nth  main  group  (N  =  4  to  8,  the  non-metals)  will  participate  in  8-N 
covalent  bonds.  The  generalized  version  extends  this  idea  to  compounds  by  relating  the  valences 
of  the  cation(s)  and  anion(s),  and  their  self  coordination  numbers,  to  predict  whether  a  compound 
is  a  semiconductor/semimetal  or  a  metal.  In  indexing  approximately  1200  binary  compounds,  we 
have  used  the  generalized  8-N  rule,  when  necessary  and  applicable,  to  distinguish  between  metals 
and  semiconductors. 

In  most  cases,  application  of  the  generalized  8-N  rule  is  straightforward,  and  so  it  is  widely  used 
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by  structural  chemists  [19,  20],  However,  if  the  valence  of  the  cation  is  ambiguous  (a  transition 
element),  or  if  there  is  no  clear  division  between  bonded  and  non-bonded  neighbors,  then  the 
eonfidence  level  drops.  One  must  then  deal  with  issues  such  as  the  relation  between  transition 
element  environment  and  valence  [21],  and/or  the  relation  between  charge  state  and  radius 
Comparisons  with  known  semiconductors  are  helpful  For  instance,  in  BaSbj  1/3  of  the  Sb  has  3 
Sb  neighbors  and  the  remainder  has  2  Sb  neighbors.  Then  the  compound  is  non-metallic  if  both 
Ba  valence  electrons  are  used  for  bonds  with  Sb,  but  the  structure  data  show  that  each  Ba  atom 
has  a  single  Ba  neighbor  at  ~  4.30  A,  virtually  the  same  as  in  metallic  Ba  Since  semiconductors 
are  known  in  isostructural  compounds  (BaPj  type)  [22]  with  similar  cation-eation  distances,  we 
infer  that  these  do  not  count  as  bonds  in  the  general  valence  formulation  The  explanation  is  that 
Ba  carries  a  positive  charge,  and  its  actual  radius  is  reduced 

EVALUATION 

Onee  a  phase  of  interest  has  been  isolated  and  the  transport  properties  of  an  extrinsic  sample 
have  been  measured,  there  are  methods  to  evaluate  its  optimized  ZT.  One  scenario  is  as  follows: 

1 .  Derive  the  scattering  parameter,  r,  from  the  temperature  dependence  of  the  carrier 
mobility:  p  <»  T'"'  if  lattice  scattering  is  indicated,  p  T'  if  point  defect  scattering  is 
indicated.  As  a  rule,  p  will  decrease  as  T  increases  in  the  former  case,  and  increase  as 
T  increases  in  the  latter  case  [23]. 

2.  With  S  (absolute  value)  in  units  of  k„/e  =  87  pV/K,  calculate  an  initial  value  for  p  from: 

P  f|i_(^^5/2)] 


It  is  then  possible  to  divide  the  approximate  P  by  the  following  correction  factors,/,  to 
obtain  better  accuracy: 


r=-\ll: 


/-=l/2:  / 

r=3/2:  / 


,  ,  00123  0.123 

f  =  I  + - + - , 

.V  .V' 

,  0.497  2,749  0.627 
S 

,  1.237  6.931  2.213 
A'  A’ 


0,7<A<I  6 
;  09<A<4.0 
;  1  1<A<5  0 


(5) 


These  are  (non-physical)  fits  to  published  correction  factors  derived  from  computations 
[23].  For  the  specified  ranges  of  S  (absolute  values),  Eq.  5  is  accurate  to  within  a  few 
percent.  For  S  greater  than  the  upper  limit  of  these  ranges,  the  correction  factors  are 
very  close  to  unity,  and  can  be  ignored.  In  the  limit  p-”,  ZT  is  dependent  only  on  the 
non-degenerate  Lorenz  number,  L  =  r  +  5/2,  and  the  Seebeck  coefficient:  ZT  =  S^/L. 
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3.  Extract  the  lattice  thermal  conductivity:  -  L(k;B/e)^  oT.  To  find  L,  either 

samples  with  different  but  similar  carrier  concentrations  can  be  used,  or  L  can  be 
estimated  from  r  and  S.  L  varies  monotonically  between  r  +  5/2  (non-degenerate)  and 
7iV3  (degenerate),  and  lies  about  halfway  between  these  two  limits  for  S  “  2(/'  +  2)/3 
(kB/e). 

4.  Project  the  amount  by  which  might  be  reduced,  and  calculate  P  accordingly. 
When  alloying  is  used  to  reduce  a  semi-empirical  formula  to  find  the  alloy  lattice 
conductivity  from  the  average  value  of  the  pure  elements/compounds  is 

Kuoy  =  ^  arctan(f^) 

t  (6) 

c.  =  ([i^f  ^  A  [^f)g(l-g) 

m  a 


Equation  6  is  adapted  from  formal  theory  [24],  The  thermal  conductivity  units  being 
used  are  W  m"'  K"'.  A  factor  of  where  Wp  is  the  Debye  frequency,  should 
accompany  each  but  the  point  is  to  make  an  estimate  based  on  readily  available 
input.  The  form  in  which  c  is  parameterized  accounts  for  both  mass  fluctuation  and 
strain  scattering,  m  and  d  are  the  average  mass  and  bond  length  for  the  formula  unit, 
and  5w  and  M  are  the  mass  and  radii  differences  between  the  two  alloyed  constituents, 
which  are  present  with  fractions  g  and  1-^.  We  find  that  a  value  of  A=300  for  the 
adjustable  parameter  usually  gives  agreement  within  30%  of  experimental  results  for  a 
broad  range  of  compounds.  Using  initial  data,  a  better  value  of  A  can  be  calculated  for 
a  given  structure. 

If  the  reduction  of  fo  occur  by  void-filling,  then  the  goal  is  to  reach  which 

can  be  calculated  for  any  structure  [5].  Then  or  some  multiple  of  it,  can  be  used 
as  the  projected  In  th®  of  fi**®*I  skutterudites,  has  reached  as  low  as 

3A,,„j„  =  1  W  m‘‘  K  ‘  at  room  temperature  [8]. 

5.  ZT  can  be  interpolated  from  Table  I: 

Table  I.  Values  of  P  that  correspond  to  benchmark  ZT’s  for  two  common  scattering 

parameters. 


r  =  -m 
r  =  m 


ZT=0.5 

ZT=1.0 

ZT=1.5 

ZT=2.0 

ZT=2.5 

ZT=3.0 

0.16 

0.40 

0.76 

1.19 

1.71 

2.42 

0.014 

0.05 

0.12 

0.22 

0.36 

0.55 

21 


Some  of  the  first  samples  of  a  new  material  might  be  intrinsic  In  this  case,  the  above  procedure 
is  invalid,  but  other  useful  information  can  be  obtained  One  signature  of  an  intrinsic  sample  is  a 
Seebeck  coefficient  that  declines  with  temperature.  If  measurements  are  done  at  low  enough 
temperature,  a  Seebeck  peak  will  be  found,  and  the  band  gap  can  be  estimated:  »  2eSp5,|,Tp,ji, 
where  e  is  the  electron  charge.  Details  of  this  procedure  and  refinements  to  this  basic  result  will 
be  published  elsewhere  [25].  It  is  helpfiil  to  know  the  band  gap  because,  as  mentioned  earlier, 
thermoelectric  materials  are  efficient  only  if  >  6 

PROSPECTS 

To  a  first  approximation,  binary  semiconductors  are  fully  explored  and  ternary  semiconductors 
are  unexplored.  The  compositions  that  have  been  tested  as  thermoelectrics,  then,  lie  on  the 
perimeters  of  triangles;  the  interiors  of  the  triangles  await  evaluation  If  one  considers  quaternary 
formulas,  then  the  triangles  are  merely  faces  of  trigonal  pyramids  The  thermoelectrics 
community  probably  cannot  afford,  however,  to  take  the  position  that  binary  compounds  are  as 
insignificant  physically  as  they  are  topologically. 

Study  of  the  binaries  has  taught  us  what  characteristics  a  good  thermoelectric  is  likely  to  have, 
and  this  description  is  not  likely  to  change.  Therefore,  a  prudent  approach  to  ternary  exploration 
may  be  to  ask  what  one  hopes  to  gain  by  adding  a  third,  and  perhaps  fourth,  element  In 
thermoelectrics,  is  more  different,  or  just  more  of  the  same'’  Given  that  atomic  environments  and 
unit  cell  complexity  are  important  characteristics,  the  answer  is  that  more  is  different  For 
instance,  octahedrally  coordinated  Fe  and  tetrahedrally  coordinated  Cd  are  divalent  cations 
suitable  for  forming  potential  thermoelectrics  with  Sb  Using  both  together  may  allow  one  to 
construct  qualitatively  different  crystal  structures  in  which  Sb  could  have  different  bonding 
environments  than  it  does  when  combining  with  these  cations  separately.  Intuitively,  we  expect 
also  that  larger  primitive  cells  will  result  as  the  number  of  different  coordination  configurations 
increases. 

To  make  the  argument  somewhat  quantitative,  we  refer  to  the  classification  of  “intermetallic” 
compounds  according  to  their  atomic  environments  Daams  et  al  [26]  list  128  valid  cubic 
structure  types,  the  great  majority  of  which  are  binary  or  ternary  Of  approximately  twenty  binary 
cubic  prototypes  that  have  an  adequate  anion  content  to  be  semiconductors,  only  five  have  three 
or  more  atomic  environments  For  ternaries,  the  corresponding  fraction  is  twenty  of  twenty-six 
The  atomic  environments  are  most  often  regular  polyhedra,  which  are  connected  in  various  ways 
to  form  one,  two  or  three  dimensional  networks.  One  would  expect  to  form  a  greater  variety  of 
structures  with  three  or  more  building  blocks  than  with  two  This  flexibility  may  be  essential  in 
the  attempt  to  design  materials  that  have  novel  structures  with,  according  to  the  above  sketch, 
highly  anisotropic  anion  networks,  highly  coordinated  cations,  and  large  primitive  cells 

We  can  see  no  reason  that  this  approach  cannot  uncover  a  material  with  ZT  >  I  To  achieve  ZT 
=  3,  however,  may  require  a  truly  exceptional  material  This  is  good  reason  to  pursue  approaches 
such  as  quantum  confinement,  “rattling  fillers”  and,  perhaps,/band  conduction  With  ZT  :>  3  as  a 
“stretch  goal”,  it  should  be  borne  in  mind  that  any  increase  in  ZT  that  can  be  translated  into 
improved  device  efficiency  will  create  a  more  than  proportional  growth  in  the  use  of 
thermoelectrics. 
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MEASUREMENT  AND  CHARACTERIZATION  TECHNIQUES  FOR 
THERMOELECTRIC  MATERIALS 


TERRY  M.  TRITT 

DEPARTMENT  OF  PHYSICS  AND  ASTRONOMY 
CLEMSON  UNIVERSITY,  CLEMSON,  SC 

Abstract: 

Characterization  of  thermoelectric  materials  can  pose  many  problems.  A  temperature 
difference  can  be  established  across  these  materials  as  an  electrical  current  is  passed  due  to  the 
Peltier  effect.  The  thermopower  of  these  materials  is  quite  large  and  thus  large  thermal  voltages 
can  contribute  to  many  of  the  measurements  necessary  to  investigate  these  materials.  This  paper 
will  discuss  the  characterization  techniques  necessary  to  investigate  these  materials  and  provide 
an  overview  of  some  of  the  potential  systematic  errors  which  can  arise.  It  will  also  discuss 
some  of  the  corrections  one  needs  to  consider.  This  should  provide  an  introduction  to  the 
characterization  and  measurement  of  thermoelectric  materials  and  provide  references  for  a  more 
in  depth  discussion  of  the  concepts.  It  should  also  serve  as  an  indication  of  the  care  that  must  be 
taken  while  working  with  thermoelectric  materials. 

Introduction: 

Approximately  30  years  ago  there  was  a  lot  of  research  activity  in  the  field  of 
thermoelectric  materials.  Materials  such  as  alloys  based  on  the  Bi2Te3  systems  and  Sii-xGex 
systems  were  investigated  as  thermoelectric  (TE)  materials.  These  materials  were  extensively 
studied  and  optimized  for  their  use  in  TE  applications  (solid  state  refrigeration  and  power 
generation)  and  remain  state  of  the  art  materials  for  their  specific  temperature  use.  The 
research  on  TE  materials  eventually  began  a  steady  decline,  and  essentially  vanished,  especially 
at  the  university  level,  about  20  years  ago.  Consequently,  there  exists  somewhat  of  a  void  in 
the  training  of  students  and  future  researchers  in  the  field  of  TE  materials. 

Recently  there  has  been  renewed  interest  in  the  field  of  thermoelectrics  driven  by  certain 
applications  which  need  materials  that  exhibit  higher  performance  than  existing  materials.^'^ 
Many  new  researchers  have  come  into  this  field  often  with  new  ideas  and  new  concepts  for 
materials.  Multidisciplinary  training  in  solid-state  physics,  solid  state  chemistry,  materials 
science  and  engineering  as  well  as  extensive  characterization  of  both  the  electrical  and  thermal 
transport  of  materials  is  necessary  for  successful  research  in  thermoelectrics.  One  of  the 
difficulties  in  investigating  TE  materials  lies  in  obtaining  reliable  and  accurate  measurements  of 
their  thermal  and  electrical  prof)erties.  Tremendous  efforts  were  expended  in  the  late  50’s  and 
60’ s  in  relation  to  the  measurement  and  characterization  of  TE  materials.  These  efforts  were 
made  by  a  generation  of  scientists  who  for  the  most  part  are  no  longer  active,  and  this  expertise 
would  be  lost  to  us  unless  we  are  aware  of  the  great  strides  they  made  during  their  time. 

The  purpose  of  this  paper  is  a  reminder  of  these  efforts  and  to  introduce  new  researchers 
to  the  difficulties  of  the  measurements  which  he  ahead  for  them.  It  should  also  provide  a 
number  of  references  which  might  prove  quite  useful.  This  paper  will  discuss  the  techniques 
employed  to  characterize  TE  materiis  and  provide  an  overview  of  some  of  the  systematic  errors 
in  these  techniques  which  can  be  “potential  pitfalls”  to  the  researcher  being  able  to  achieve 
reUable  and  accurate  measurements.  Statistical  errors  will  not  be  discussed  in  this  paper,  since 
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understanding  statistical  errors  is  necessary  for  analyzing  typical  experimental  data  and  reference 
will  be  made  to  a  couple  of  excellent  texts  for  analyzing  statistical  errors.  ’ 

Thermoelectric  materials 

Thermoelectric  energy  conversion  utilizes  the  Peltier  heat  generated  when  an  electric 
current  is  passed  through  a  TE  material  to  provide  a  temperature  gradient  with  heat  being 
absorbed  on  the  cold  side  and  rejected  at  the  heat  sink,  thus  providing  a  refrigeration  capability. 
Conversely,  an  imposed  AT  will  result  in  a  voltage  or  current,  i.e.  small  scale  power 
generation.’^  This  aspect  is  widely  utilized  in  deep  space  applications.  A  radioactive  material 
acts  as  the  heat  source  in  these  RTG's  (radioactive  TE  generators)  and  thus  provides  a  long- 
lived  energy  supply.  The  advantages  of  TE  solid  state  energy  conversion  are  compactness, 
quietness  (no  moving  parts)  and  localized  heating  or  cooling.  Applications  include  cooling  of 
CCD's,  infrared  detectors,  low  noise  amplifiers,  computer  chips  and  biological  specimens. 

The  essence  of  defining  a  good  TE  material  lies  primarily  in  determining  the  material's 
dimensionless  figure  of  merit,  ZT  =  a^oT/A,,  where  a  is  the  Seebeck  coefficient,  a  the 
electrical  conductivity,  X  the  total  thermal  conductivity  (X  =  Xl  -t-  Xe;  the  lattice  and  electronic 
contributions  respectively)  and  T  is  the  absolute  temperature  in  K.  The  Seebeck  coefficient,  or 
thermopower,  is  related  to  the  Peltier  effect  by  fl  =  aT  =  Qp/I,  where  fl  is  the  Peltier 
coefficient,  (Jp  is  the  rate  of  heating  or  cooling  and  1  is  the  electrical  current.'^  The  efficiency 
(t))  and  coefficient  of  performance  (COP)  of  a  device  are  directly  related  to  the  figure  of  merit  of 
the  material.  Both  t|  and  COP  are  proportional  to  (1  +  ZT)’^^.  There  are  a  number  of  excellent 
references  which  discuss  the  materials  aspects,  the  measurement  a.spects  and  thoroughly  discuss 
the  field  of  thermoelectric  materials.  ’•2.I4-I6  j^ese  also  contain  many  of  the  early  references 
which  can  prove  to  be  invaluable  to  the  new  researcher  in  this  field. 

Semiconductors  have  long  been  the  material  of  choice  for  TE  applications.  The  most 
promising  materials  typically  have  carrier  concentrations  of  approximately  lO’^  carriers/cm^. 
The  power  factor,  a'o,  is  typically  optimized  through  doping  to  give  the  largest  Z.  High 
mobility  carriers  are  most  desirable,  thus  yielding  the  highest  electrical  conductivity  for  a 
specific  carrier  concentration.  In  addition,  to  improve  the  figure  of  merit  of  these  materials, 
attempts  are  made  to  lower  the  lattice  thermal  conductivity  without  decreasing  the  power  factor 
proportionally  and  thus  further  increasing  the  figure  of  merit. 

The  measurements  necessary  to  characterize  a  TE  material  are  listed  in  Table  I  below  and 
each  will  be  discussed  later  in  this  paper.  The.se  terms  are  defined  as  follows:  p  is  the  carrier 
mobility,  n  is  the  carrier  concentration,  Lo  is  the  sample  distance  between  the  measuring  leads, 
A  is  the  cross  sectional  area,  Rh  is  the  Hall  coefficient  and  e  is  the  charge  of  the  carrier,  -e 
(electrons)  or  -i-e  (holes).  Of  course,  there  are  many  other  factors  that  go  into  the  full 
understanding  of  the  thermal  and  electrical  transport  in  a  material  but  the  properties  previously 
mentioned  will  be  given  as  a  fundamental  starting  point. 

Estimation  of  errors  in  Determination  of  ZT: 

Let  us  consider  the  importance  of  accurate  measurements  of  specific  properties  such  as  a, 
a  and  Xx,  by  performing  a  calculation  of  ZT  using  what  we  define  as  the  real  numbers  and 
numbers  from  measurements  with  errors.  For  the  real  ZT,  take:  O.  =  275  )tV/K,  O  =  lO'*'^ 
(H-cm)  Xx  =  2  watts  /  m-K  and  T  =  300K.  These  numbers  would  give  ZT  =  1.13.  If  we 
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were  to  perform  the  measurements  with  some  systematic  errors  in  our  system  we  can  see  how 
this  would  affect  this  calculation.  We  will  take  the  thermopower  or  Seebeck  coefficient  to  be  = 
10%  low  (a’  =  250  H,V/K)  ,  the  error  could  possibly  come  from  a  AT  that  is  measured  to  be 
10%  higher  than  the  real  AT  across  the  sample.  This  could  be  due  to  poor  thermal  anchoring  of 
the  thermocouples  to  the  sample  or  inaccurate  calibrations  of  the  thermocouples.  We  take  the 
conductivity  (O’  =  1.05  x  10+^  (Q-cm)  •‘)  to  be  5%  too  high.  This  could  result  from  inaccurate 
determination  of  the  sample  dimensions  (3-4%)  (recall  p  =  1/  O  =  RA  /  Lp)  or  determination  of 
the  sample  current  through  the  sample  ( =  1-2%).  Let  the  thermal  conductivity  (Xt'  =  2.2  watts 
/  m-K)  be  10%  too  high.  This  could  result  from  inaccurate  determination  of  the  sample 
dimensions,  errors  in  AT  or  errors  in  determining  the  power  through  the  sample.  We  will 
assume  that  there  will  be  no  error  in  determining  the  sample  temperature  (T’  =  300K).  Given 
these  systematic  errors  in  our  measurement,  which  are  not  unreasonable  unless  one  is  very 
careful,  we  would  obtain  a  (ZT)’  =  0.89  which  has  an  error  of  2 1  %  from  the  real  ZT  value.  It 
should  be  obvious  then,  that  accurate  determination  of  these  properties  is  very  important. 

TABT.E  I:  Properties  of  Interest  for  Thermoelectric  Materials: 

Sample  Property _ Relationship _ Note 


Seebeck  coefficient: 
Electrical  Conductivity: 
Thermal  Conductivity: 
Hall  Voltage 
Hall  Coefficient 
Carrier  Mobility 
Carrier  Concentration 


a  =  - AV/AT 
a  =  nep. 

X  =  Qk  Lo  !  aat 

Vh  =  Rh  BI/w 
Rh  =  1/ne 
PH  =  ct  Rh 
n  =  1/  Rh  e 


{Qp  =  arr) 

{Qj  =  I2R) 

{Qk  =  XAAT/Lo} 

{w:  sample  thickness) 
{yields  n  and  carrier  sign) 
{want  high  p  for  fixed  n) 
{n=  lO”-  lO'^cm’^) 


Measurement  Criteria: 

One  important  point  to  remember  is  to  be  sure  of  your  measurements  or  conversely  to 
know  the  level  of  the  systematic  errors  in  your  measurements.  One  way  to  do  this  is  to  develop 
standards  (materials  with  known  and  established  thermoelectric  properties)  to  check  your 
apparatus  and  measurement  techniques.  An  idea  being  discussed  among  the  thermoelectrics 
research  community  is  to  develop  laboratory  standard  materials  to  be  shared  between  researchers 
and  to  develop  “round  robin”  or  “blind  measurements”  to  assure  the  accuracy  of  results  that  are 
being  reported.  Recently  an  error  in  measurement  resulted  in  a  very  large  ZT  (ZT  =  2)  beitig 
reported  and  this  report  was  subsequently  withdrawn.  This  report  caused  quite  a  stir  within 
this  research  field.  The  error  turned  out  to  be  very  subtle;  decomposition  of  the  sample  at  the 
surface  which  resulted  in  an  erroneous  resistivity  measurement. 

Another  criteria  is  to  make  all  the  reported  measurements  (a,  O,  X,  n  and  Rh)  on  one 
sample  and  not  report  the  best  measurements  on  samples  from  a  batch.  Also,  makmg  the 
measurements  as  close  to  the  same  time  and  temperature  is  important.  This  will  eliminate 
sample  deterioration  with  time  or  strong  temperature  dependence  of  the  material’s  properties. 
Electrical  and  thermal  transport  properties  can  have  a  very  strong  dependence  on 
crystallographic  direction,  sometimes  by  orders  of  magnitude.  Thus,  measurements  all  in  the 
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same  crystallographic  direction,  (or  even  “pressed  pellet”  polycrystalline  direction)  is  very 
important.  Measurements  on  more  than  one  sample,  if  possible,  and  averaging  the  results  is 
needed.  This  will  help  to  average  the  sample  to  sample  differences,  and  possibly  minimize 
discrepancies  between  various  groups. 

Resistivity  (or  electrical  conductivity) 

In  principle,  resistivity  is  the  easiest  of  the  three  measurements  to  make.  Today  materials 
come  in  many  different  forms,  from  bulk  materials  (a  few  mm  for  each  dimension)  to  either 
thick  (  =  1-  5  pm)  or  thin  films  (=  100  -  1000  A).  Oxide  layers  can  form  on  the  surfaces  and 
since  many  of  the  materials  are  semiconductors,  contacts  (p-n  junctions)  can  be  a  real  problem. 
Determination  of  sample  dimensions  is  important  since  (p  =  RA  /  Lo)  and  typical  resistances  of 
samples  of  these  TE  materials  is  only  a  few  mO.  Also,  recall  when  a  current  is  passed  through 
aTE  material  a  AT  is  generated  which  in  turn  results  in  a  thermal  voltage,  Vyg  =  aAT,  which 
adds  to  the  IR  voltage,  Vg,  of  the  sample.  The  measurement  must  be  made  relatively  fast  (=  2-3 
secs)  which  means  ac  or  fast  dc  switching.  The  current  must  be  reversed  and  the  thermal 
voltage  subtracted  to  measure  the  IR  voItage{i.e.  Vg  =  O.SIVfl"^)  =  Vfl')] )  and  thus  the  sample 
resistance.  Accurate  measurement  of  the  current  through  the  sample  is  also  important.  A  high 
precision  resistor  (==  0.0 1  -  0.1%)  in  series  with  the  sample  will  help  determine  the  sample 
current;  don’t  Just  trust  the  setting  on  your  current  source.  Also  a  four  probe  method  for 
measurement  of  the  sample  resistance  is  essential,  that  is  the  current  is  injected  into  the  sample  in 
one  pair  of  leads  and  the  sample  voltage  is  measured  on  a  completely  separate  set  of  leads.  This 
will  eliminate  the  effect  of  the  contact  resistance  (that  is  in  series  with  the  sample)  on  the  voltage 
measurement.  Also,  to  insure  uniform  current  flow  through  the  sample  at  the  point  of  the 
voltage  measurement,  the  lead  should  be  positioned  at  a  distance  from  the  end  of  the  sample  (the 
position  of  the  current  lead)  such  that ;  (L  -  Lo  >  2w),  where  L  is  the  total  length  of  the  sample, 
Lq  is  the  distance  between  the  voltage  probes  and  w  is  the  thickness  of  the  sample.  Error  in 
position  of  the  voltage  probes,  Lo,  can  be  somewhat  minimized  by  an  array  of  voltage  probes 
along  the  length  of  the  sample  and  averaging  the  calculated  resistivity  values. 

Contacts  and  contact  effects: 

Excellent  electrical  contacts  to  these  TE  materials  is  essential.  Large  contact  resistances 
which  result  in  Joule  heating  at  the  contacts  {I^(Rci  +  Rc2))  can  make  these  TE  measurements 
extremely  difficult  and  Joule  heating  can  totally  cancel  the  desirable  Peltier  heat  flow.  A 
temperature  difference,  AT,  can  arise  in  the  sample  from  just  a  difference  in  contact  resistance  of 
each  current  contact,  AT  =  P  =  I^  (Rci  -  Rez))-  For  the  Bi2Te3  class  of  materials  contacts  were 
a  major  concern.  Contact  materials  such  as  Cu  or  Au  would  easily  diffuse  into  the  sample 
between  the  Te-Te  planes  and  thus  eliminate  the  desirable  thermoelectric  properties  of  these 
materials.  It  was  necessary  to  first  plate  the  end  of  the  sample  to  inhibit  diffusion  (at  the  current 
contact)  and  then  apply  the  solder  or  contact  material.  Oxide  layers  or  sample  decomposition  at 
the  surface  may  lead  to  erroneous  measurements  and  must  be  eliminated.  Each  new  material 
will  have  their  own  electrical  contact  issues  to  be  solved  and  it  is  necessary  to  remember  the 
importance  of  the  electrical  contacts.  Many  contact  techniques  exist  and  a  few  are  listed:  solder 
(many  different  types  and  temperatures),  arc  welding  -  capacitor  discharge  Qocalized  point, 
robust  sample  to  avoid  damage),  metal-sputterine  or  evaporation  (Au,  Ag  or  Cu  etc.),  jon- 
implantation  or  diffused  contacts.  Ag-paints  (e.g.  Dupont  4929™  Ag  paint  or  SPF"  Ag'coating 
for  SEM),  metal-plating  or  metal  epoxies,  and  also  needle  pressure  probes  (e.g.  “Pogo^“ 
contacts”). 
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Resistivity  of  Thin  Discs  or  Thin  Films. 

Specific  techniques  are  known  for  the  measurement  of  the  resistivity  of  thin  discs  or  films 
or  samples  of  arbitrary  shape.  The  four  point  probe  technique  for  the  measurement  of  a  thin 
rectangular  sample  is  given  in  Figure  l”  The  needle  point  probes  are  co-Unear  and  evenly 
spaced  along  the  sample.  The  important  dimensions  are  given  by  the  sample  dimension  paraUel 
to  the  contact  line  (a);  the  sample  dimension  perpendicular  to  the  contact  line  (b);  spacing 
between  the  contact  probes  (s)  and  the  thickness  of  the  sample  (w).  The  relationship  between 
the  resistivity,  p,  and  the  sheet  resistivity,  ps,  is  given  by  p  =  psw.  The  resistivity  for  this 
configuration  is  given  by; 

p  =  {(V  w)  /  I}{Ci(a/d)  C2(w/s)}  (1) 

The  terms  in  equation  1  are  Ci(a/d),  a  correction  factor  for  the  planar  dimensions,  eg.  for  an 
infinite  sheet  (Ci  (a/d)  =  Jt  /  ln2)  and  CiCw/s),  a  correction  factor  for  the  ratio  of  thickness  to  the 
contact  spacing  (eg.  C2  (w/s)  =  0.9995  for  w/s  =  0.4  and  C2(w/s)  =  0.9214  for  w/s  —  1). 
Values  for  these  correction  factors  are  taken  from  reference  17  and  are  given  in  Tables  I  and  II. 
If  Cl  (a/d)  =  7t  /  ln2  then  the  thickness  dependence  is  given  by; 

p  =  { (V  w)  / 1 }  { (7C  /  ln2)  C2(w/s)}  (2) 
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TABLE  II;  Correction  Factor  for  Planar  Dimensions.  Cj(a/d): 


d/s 

circle  diam  d/s 

a/d  =  1 

a/d  =  2 

a/d  =  3 

a/d  >  4 

1.0 

0.9988 

0.9994 

1.3 

1.2467 

1.2248 

1.5 

1.4788 

1.4893 

1.4893 

1.8 

1.7196 

1.7238 

1.7238 

2.0 

1.9454 

1.9475 

1.9475 

2.5 

2.3532 

2.3541 

2.3541 

3.0 

2.2662 

2.4575 

2.7000 

2.7005 

2.7005 

4.0 

2.9289 

3.1137 

3.2246 

3.2248 

3.2248 

5.0 

3.3625 

3.5098 

3.5749 

3.5750 

3.5750 

7.5 

3.9273 

4.0095 

4.0361 

4.0362 

4.0362 

10.0 

4.1716 

4.2209 

4.2357 

4.2357 

4.2357 

15.0 

4.3646 

4.3882 

4.3947 

4.3947 

4.3947 

20.0 

4.4364 

4.4516 

4.4553 

4.4553 

4.4553 

40.0 

4.5076 

4.5120 

4.5129 

4.5129 

4.5129 

oo 

4.5324 

4.5324 

4.5324 

4.5325 

4.5324 

TABLE  III:  Correction  Factor  for  Ratio  of  Thickness/Contact  Snarin^i.  C2(w/s): 


w/s 

C,(w/s) 

0.4000 

0.9995 

0.5000 

0.9974 

0.5555 

0,9948 

0.6250 

0.9898 

0.7143 

0.9798 

0.8333 

0.9600 

1.0000 

0.9214 

1.1111 

0  8907 

1.2500 

0.8490 

1.4286 

0.7938 

1.6666 

0.7225 

2.0000 

0.6336 

A  technique  for  measuring  samples  of  arbitrary  shape  was  developed  by  van  der  Pauw  in 
the  late  50’s.*®‘*®  Many  others  have  elaborated  on  this  technique  with  additional  corrections  in 
latter  years  and  these  references  are  given.^®'^^  The  resistivity  is  given  by: 

P  =  F{(7tw)  /  ln2}  {  Rab.cd  +  Rbc.da  }  /  2  (3) 

where  F  =  Fnc  (Rab.CD  /  Rbc.DA,)  Rab.cd  ^d  Rbc.DA  are  the  resistances  measured  in 
the  different  contact  configurations  (I  ,  L  )  and  (V  ,  V' )  rotated  by  90  degrees  with  respect  to 
each  other.  The  function  F  =  1  for  (Rab.CD  /  Rbc.DA)  S  1.5.  The  van  der  Pauw  technique 
assumes  the  contacts  are  placed  on  the  extreme  edges  of  the  sample.  A  correction  also  exists  for 
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the  placement  of  the  contacts  onto  the  sample.^*  If  d  is  the  distance  from  the  edge  of  the  sample 
to  the  contact  point  and  D  is  diameter  of  the  sample  then  the  error  in  the  resistivity  is  given  by: 

A  p  /  p  =  -  In  { 1  +  (d/D)^  /  (1-d/D)^}  /  2(ln2)  (4) 

If  d  is  less  than  O.ID  then  the  error  in  Ap/p  is  less  than  1%.  Care  must  be  taken  for 
oxide  layers  on  the  samples  or  surface  decomposition  of  the  sample.  These  needle  probes  are 
usually  able  to  “break  through  ordinary  oxide  layers.  Also,  another  technique  which  is  utilized 
to  determine  the  resistivity  tensor  of  single  crystal  samples  is  known  as  the  Montgomery 
technique.^^  It  utilizes  a  series  of  probe  configurations  on  each  face  of  the  sample  and  then 
various  current  and  voltage  combinations. 

Seebeck  Coefficient. 

The  Seebeck  coefficient  or  thermopower,  a,  is  an  intrinsic  property  of  a  material  related  to 
the  material’s  electronic  structure.  It  is  a  bulk  property  measurement  much  like  the  resistivity. 
The  thermopower  will  yield  information  about  the  sign  of  the  charge  carrier  and  is  essentially  the 
entropy  per  carrier  divided  by  the  charge  of  the  carrier.^'*'^^  The  temperature  dependence  of  the 
thermopower  can  be  quite  complicated  and  difficult  to  interpret.  Many  other  contributions,  such 
as  phonon  drag  for  example,  can  be  involved  in  combination  with  the  simple  diffusion 
thermopower  (linear  in  T)  which  is  typical  of  metals.  The  thermopower  is  not  geometry  specific 
and  is  given  by  a  measurement  of  the  ratio  of  the  sample  voltage  (electric  field)  to  the 
temperature  difference  (temperature  gradient)  along  the  sample; 


aab  =  AV/AT  =  (VH-VL)/(TH-TL)  (5) 

where  aab  =  Ctb  -  Ota  is  the  measured  value  of  the  thermopower  which  includes  both  the 
sample  contribution,  aa,  as  well  as  the  lead  contribution  ab.  The  lead  contribution,  typically 
Au,  Cu  or  Chromel,  must  be  known  and  subtracted  from  each  data  point  at  each  temperature. 
Thermopower  appears  to  be  a  relatively  easy  measurement  and  is  probably  the  easiest  of  the 
three  that  go  into  ZT  except  some  care  must  be  taken.  It  is  very  easy  to  get  the  sign  of  the 
thermopower  wrong  and  so  a  word  of  caution  is  appropriate.  Another  source  of  error  is  the 
determination  of  the  temperatures,  Th  and  Tl  at  the  voltage  probes,  Vh  and  Vl,  respectively. 
One  way  to  do  this  is  to  arc-weld  the  thermocouples  to  the  sample  and  use  one  leg  of  each 
thermocouple  as  the  sample  voltage  lead  itself.  This  means  essentially  using  a  new 
thermocouple  for  each  sample.  It  may  be  desirable  to  use  a  permanently  mounted  thermocouple 
and  thermally  anchor  the  sample  and  the  thermocouple  through  a  common  medium  using 
varnish  or  some  other  contacting  adhesive.  This  has  advantages  but  is  more  likely  to  cause  a 
thermal  anchoring  problem  resulting  in  a  wrong  AT  reading.  Thermal  anchoring  errors  are 
discussed  quite  thoroughly  in  an  article  by  Kopp  and  Slack.^  One  should  definitely  test  out 
this  technique  by  measuring  known  standards  and  comparing  values.  The  sample  is  it’s  own 
best  thermometer  or  thermocouple.  One  can  compare  changes  in  the  thermocouple  voltage  to 
that  of  the  sample  voltage  as  the  AT  is  varied  using  an  oseilloscope  to  measure  the  time 
differences  in  their  response  to  AT,  as  another  check.  A  poor  thermal  contact  between  the 
thermocouple  and  the  sample  will  also  typically  be  pressure  dependent.  As  the  gas  or  air  is 
pumped  out  the  thermal  link  between  the  sample  and  the  thermocouple  becomes  worse  and  the 
thermopower  will  change  a  few  percent,  due  to  an  erroneous  AT  measurement.  Another  source 
of  error  is  in  the  calibration  and  subtraction  of  the  lead  contribution.  At  lower  temperatures  the 
lead  wires  can  be  calibrated  against  a  high  T(^  superconductor  (with  transition  temperatures,  Tc 
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as  large  as  Tc  =  130K).  Since  the  thermopower  of  a  superconductor  below  Tc  is  zero  the  lead 
contribution  is  the  only  contribution  to  the  measured  value. 

The  simplest  technique  of  measuring  the  thermopower  is  the  small  AT  method.  This 
involves  sweeping  the  AT  around  a  set  temperature  and  measuring  the  voltage  of  the  sample. 
The  slope  is  ttab-  This  technique  is  somewhat  slow  and  cumbersome  as  a  function  of  T.  Many 
times  one  can  slowly  vary  the  temperature  and  take  only  2-3  pts.  One  must  be  sure  that  AV  is 
linear  in  AT  and  goes  through  AV  =  0  at  AT  =  0.  This  is  similar  to  how  one  typically  takes 
resistance  measurements;  assume  Ohm’s  law.  This  technique  may  be  checked  periodically  at 
fixed  temperatures,  perform  AV  vs.  AT  sweeps,  calculate  the  slope  and  compare  to  the  other 
data.  High  resistance  contacts  can  exhibit  ac  pickup  resulting  in  a  rectified  dc  offset  voltage 
which  can  also  lead  to  errors.  Again,  reliable  calibrations,  and  measuring  standards  can 
eliminate  many  erroneous  measurements. 

Thermal  Conductivity. 

Thermal  conductivity  measurements  are  by  far  the  most  difficult  to  make  with  relatively 
high  accuracy.  There  are  many  excellent  texts  and  techniques  available  which  discuss  in  detail 
many  of  the  corrections  and  potential  errors  one  must  consider  and  I  refer  the  reader  to  a  few  of 
these.  >6.  28-31  excellent  references  exist.  The  thermal  conductivity,  Xj.  of  good 

TE  materials  is  very  low,  typically  kj  <  2  watts  /  m-K.  This  makes  the  measurement  more 
difficult  since  the  heat  will  flow  through  other  paths  of  higher  thermal  conductivity  and  result  in 
an  error  in  determination  of  the  power  input  into  the  sample.  Thus,  calculating  the  heat  loss 
corrections  and  proper  thermal  shielding  techniques  to  minimize  these  corrections  is  critical  for 
these  TE  materials.  The  thermal  conductivity  for  a  typical  “steady  state”  method  is  given  by: 

^T  =  QtLo  /  A  AT  (6) 

where  Qx  is  the  heating  power  through  the  sample,  Lq  is  the  length  between  the  thermocouple 
leads.  Errors  due  to  radiation  loss  or  gain  between  the  surroundings  and  the  sample, 
convection  and  conduction  through  any  lead  wires  can  be  substantial.  The  radiation  loss  is  given 
by: 


Q  =  eOs.gAdo^  -  Ts')  (7) 

where  Tq  (Ts)  is  the  temperature  of  the  sample  and  the  surroundings,  respectively  and  os-b  is 
the  Stephan-Bolttzman  constant  (os-b  =  5.7  x  10  *  W/m^-K"*)  and  e  (0  <  E  <  1)  is  the 

emissivity.  Proper  thermal  shielding  and  thermal  anchoring  are  essential  for  reliable  and 
accurate  measurements.  Heat  losses  can  also  be  due  to  convection  or  circulating  aas  flow 
around  the  sample.  The  best  way  to  minimize  these  convection  losses  is  to  operate  the 
measurement  with  the  sample  in  a  moderate  vacuum  (10  '’  -  lO'^  torr).  This  will  also  reduce  the 
heat  loss  due  to  conduction  through  the  gaseous  medium.  The  other  substantial  heat  loss 
mechanism  is  due  to  conduction.  This  can  be  due  to  loss  from  the  thermocouple  or  other  leads 
attached  to  sample  for  temperature  measurement.  Long  lead  lengths  of  small  diameter  (small  A) 
attached  to  the  sample  with  sufficient  thermal  anchoring,  so  essentially  no  AT  arises  between  the 
sample  and  shield  is  important  for  minimizing  this  effect.  One  must  accurately  determine  the 
power  through  the  sample  by  considering  the  various  loss  mechanisms.  Thermal  resistance  of 
leads,  heaters  etc.  as  well  as  interface  anchoring  between  the  sample,  the  heater  and  the  heat 
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sink  is  also  important.  Again,  measuring  known  standards  and  thoroughly  calibrating  the 
apparatus  is  essential. 

Many  techniques  other  than  the  standard  steady  state  method  are  valid.  In  the  compartive 
technique  a  known  standard  is  put  in  series  between  the  heater  and  the  sample.  This  techmque 
is  best  when  the  thermal  conductivity  of  the  standard  is  comparable  to  that  of  the  sample.  This 
technique  ultimately  depends  on  the  accuracy  to  which  the  thermal  conductivity  of  standard  is 
known.  Also,  the  same  type  of  errors  and  corrections  must  be  considered  as  for  the  steady  state 
technique.  The  power  through  the  standard  (1)  is  equal  to  the  power  through  the  sample  (2)  and 
given  the  thermal  conductivity  of  the  standard  Xi,  the  thermal  conductivity  of  the  sample  X.2  is 
given  by: 


A,2  =  A,i  {A1AT1L2  /  A2AT2L1}  (8) 

Another  technique  that  is  becoming  popular  for  TE  materials,  as  well  as  for  many  non¬ 
conducting  low  thermal  conductivity  systems,  is  the  “3-(0  technique.”  This  method  uses 
a  metal  film,  typically  Au  or  Pt,  deposited  on  sample  for  an  I^R  heater  and  using  the 
temperature  dependence  of  the  metal  {R(T)  =  Fnc(T))  as  a  thermometer.  An  ac  current  is 
supplied  to  the  sample,  I  =  exp(icot),  which  results  in  a  2(0  heating  of  the  strip  (P  =  I^R  =  AT). 
The  resistance  of  the  metal  film  resistor  will  vary  as  AT  *=  exp(i2cot)  and  the  voltage  on  the  strip 
will  vary  as  the  3(0  component,  AV  =  lAR  =  exp(i3o)t).  The  thermal  conductivity,  X  ,  is 
related  to  the  temperature  difference;  AT  and  log((o).  This  technique  has  many  advantages.  The 
temperature  dependence  of  the  thermal  conductivity  can  be  acquit^  much  more  readily  than  the 
steady  state  technique,  with  essentially  no  radiation  errors,  which  allows  more  accuracy  at 
higher  temperatures  (lOOOK).  It  is  user  friendly  and  inexpensive.  A  non-conducting  layer  must 
be  applied  to  a  conducting  sample  before  depositing  the  metal  strip,  it  measures  the 
perpendicular  thermal  conductivity  and  requires  some  level  of  microlithography  to  be  available. 
The  3(0  technique  may  be  the  best  “pseudo  -  contact”  method  available.  Other  techniques  which 
will  not  be  discussed  include  “laser  flash”  diffusivity  and  thermal  diffusivity  (D)  methods,  D  = 
X  /Cv,  where  Cv  is  the  specific  heat  of  the  sample. 

Hall  Coefficient,  Carrier  Concentration  and  Mobility. 

The  power  factor  of  a  TE  material  is  typically  optimized  around  some  carrier  concentration, 
n,  where  n  =  10*^  -  10*^  cm.'^  Thus,  it  is  necessary  to  measure  the  carrier  concentration  by 
measuring  the  Hall  Effect  (Vh  =  Bib  /  neA  =  Rh  BI  /  w)  and  the  Hall  coefficient,  Rh  =  1/ne. 
The  Hall  voltage,  Vh,  is  due  to  the  Lorentz  force  (F  =  qE  =  qV/b)  acting  on  a  charged  particle 
moving  with  a  velocity,  v,  in  a  magnetic  field  B,  where  b  is  the  width  of  the  sample  and  w,  the 
thickness.  The  parameters;  I,  B  and  Vh  are  all  perpendicular  to  each  other.  For  a  rectangular 
sample,  B  is  the  magnetic  field  (Bz),  I  is  the  current  (Ix)  and  Vh  is  measured  in  the  y  direction. 
The  Hall  effect  and  Hall  measurements  in  metals  and  semiconductors  are  discussed  in  many 
texts  and  references.  The  conductivity  is  related  to  the  carrier  rmobility,  p,  =  RhO,  (  O  = 
nep  =  1/p)  and  for  a  fixed  n,  p  must  be  large  for  a  good  TE  (p  =  1000  cm^/V-s  for  Bi2Te3  and 
skutterudites).  For  a  semiconductor  of  one  carrier  type:  Rh  =  371  /  8ne.  In  general,  Rj^  =  r  /  ne, 
where  1  <  r  <  2  and  r  is  known  as  the  Hall  factor  which  depends  on  magnetic  field,  temperature 
and  the  scattering  mechanism.  Measurements  of  Vh,  Rh  =  l/ne  and  p  are  important  for  fully 
characterizing  and  understanding  a  TE  material.  There  are  again  errors  that  must  be  considered. 
Misalignment  of  the  leads  (IR  voltage)  or  magnetic  field  can  lead  to  errors  unless  corrected  and 
terms  must  be  canceled  that  are  not  proportional  to  BI.  There  are  also  other  corrections  such  as 
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theTE  voltages  since  AT’s  will  lead  to  voltage  diffferences.  Care  should  be  taken  to  eliminate 
any  AT’s.  There  are  also  other  magneto-thermoelectric  effects  which  must  be  considered  and 
corrected  for  such  as:  Nemst  effect,  Ettinghausen  effect  and  the  Ridgi-Leduc  effect.  These  will 
not  be  discussed  here  due  to  space  constraints  but  these  are  discussed  in  detail  elsewhere. 

The  Hall  voltage  is  given  by: 

Vh  «  { v(r,  B^)  -b  v(r,  B )  -  v(r,  bo  -  v(r,  b  ) }  /  4  (9) 

thus  cancelling  out  all  the  terms  discussed  above  except  the  Ettinghausen  effect,  which  should 
only  be  a  small  correction  to  the  Hall  voltage  (except  of  course  where  Rh  =  0).  An  ac  Hall 
measurement  may  prove  the  most  applicable  with  fewest  corrections  for  these  TE  materials. 

Z-Meters  or  (“Harman  Technique”). 

Another  technique  which  is  widely  used  for  characterizing  TE  materials  is  the  so  called 
“Harman  Technique”  or  Z-meter.  39-43  Consider  the  voltage  as  a  function  of  time  for  a 
TE  material  under  various  conditions.  If  there  is  no  AT  and  I  =  0,  then  Vs  =  0,  where  Vs  is  the 
sample  voltage.  Apply  a  current,  I,  and  the  voltage  will  increase  by  IRs,  where  Rs  is  the 
sample  resistance.  When  a  current  is  applied  to  a  TE  material  a  AT  arises  from  the  Peltier  effect 
(Qp  =  otlT)  and  a,  V-pp,  will  add  to  the  IRs  voltage.  Under  steady  stale  or  adiabatic  conditions 
the  heat  pumped  by  the  Peltier  effect  will  be  equal  to  heat  carried  by  the  thermal  conduction; 

(aIT)=  (XAAT/L)  (10) 

One  can  derive  a  relationship  between  ZT  and  the  adiabatic  voltage  (Va  =  Vjr  -i-  Vte)  and 
the  IR  sample  voltage,  V[r 

ZT  =  (VA/ViR)-l  =  (a2T/pX)  (11) 

This  relationship  is  a  reasonable  approximation  to  ZT  but  assumes  ideal  conditions  unless  a 
number  of  corrections  are  accounted  for  such  as  contacts,  radiation  effects  and  losses  for 
example.  The  first  criteria  is  that  the  sample  needs  to  possess  a  ZT  >  0.2.  Also,  contact  effects, 
sample  heating  from  the  contacts  and  the  sample  resistance  should  be  very  small  and  AT  effects 
from  contact  resistance  differences  should  be  negligible.  The  thermal  conductivity  can  be 
estimated  from  the  Hannan  technique  in  two  ways.  Measure,  R  and  a  and  then  measure  ZT 
from  equation  1 1  and  the  thermal  conductivity  can  then  be  determined.  Another  way  is  to  use 
equation  10  in  the  form  below: 

I  =  X(A /a  TL)  AT  (12) 

Then  at  a  constant  temperature,  I  =  X(A  /aTL)  AT  =  XCqAT,  where  Cq  is  a  constant  at  a  given 
T.  Thus,  the  linear  part  of  the  slope  of  an  I-AT  plot  will  yield  the  thermal  conductivity.  The  ZT 
determined  from  the  Harman  method  is  essentially  an  “effective  ZT",  one  which  yields  the 
operating  figure  of  merit  of  the  device.  This  technique  requires  essentially  no  contact  effects, 
(recall  U{Rci  -  Rc2)  =  APe  =  AT  across  the  sample  from  I^R  heating).  Information  from  this 
technique  should  be  compared  to  the  measurements  of  the  individual  parameters  that  go  into  ZT. 
It  should  not  be  a  substitute  for  knowing  the  individual  parameters. 
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Summary: 


It  should  be  obvious  from  the  many  issues  we  have  discussed,  that  it  is  no  easy  task  to 
come  up  with  highly  reliable  and  accurate  measurements  of  the  parameters  that  go  into  ZT. 
Many  potential  errors  and  corrections  for  these  TE  materials  must  be  taken  into  consideration. 
Thus,  reports  of  materials  that  are  only  a  few  percent  different  from  previous  materials  are  not 
so  convincing  and  of  course  are  really  not  that  much  of  an  advancement.  Many  new  researchers 
are  coming  into  this  field  and  should  be  aware  that  many  excellent  techniques  for  measuring 
their  properties  were  developed  in  the  late  50’s  and  60’s.  Careful  investigation  of  the  literature 
can  provide  valuable  information  and  insight  into  the  measurement  of  TE  materials.  The  errors 
that  can  be  made  are  sometimes  very  subtle  and  if  we  are  to  achieve  much  higher  ZT  materials, 
ZT  =  2-3,  then  we  will  have  to  be  able  to  validate  these  numbers.  Measuring  standards,  careful 
and  accurate  calibrations,  and  potential  sharing  of  samples  through  “round  robin”  measurements 
are  very  important  to  eliminate  erroneous  information  from  being  reported.  The  information 
contained  in  this  paper  will  be  informative  to  some  of  you,  especially  people  new  to  the  field, 
while  it  may  serve  only  as  an  elementary  reminder  to  established  experts  in  the  field. 
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ABSTRACT 

When  a  new  and  promising  thermoelectric  material  is  discovered,  an  effort  is  undertaken  to 
improve  its  "figure  of  merit".  If  the  effort  is  to  be  more  efficient  than  one  of  trial  and  error  with 
perhaps  some  "rule  of  thumb  guidance"  then  it  is  important  to  be  able  to  make  the  connection 
between  experimental  data  and  the  underlying  material  characteristics,  electronic  and  phononic, 
that  influence  the  figure  of  merit.  Transport  and  fermiology  experimental  data  can  be  used  to 
evaluate  these  material  characteristics  and  thus  establish  trends  as  a  function  of  some 
controllable  parameter,  such  as  composition.  In  this  paper  some  of  the  generic -materials 
characteristics,  generally  believed  to  be  required  for  a  high  figure  of  merit,  will  be  discussed  in 
terms  of  the  experimental  approach  to  their  evaluation  and  optimization.  Transport  and 
fermiology  experiments  will  be  emphasized  and  both  will  be  outlined  in  what  they  can  reveal 
and  what  can  be  obscured  by  the  simplifying  assumptions  generally  used  in  their  interpretation, 

INTRODUCTION 

Starting  in  the  1950's  and  for  approximately  ten  years  thereafter  a  very  substantial  effort  in 
this  country  was  directed  towards  developing  improved  thermoelectric  materials  for  cooling 
and  power  generation  applications.  Significant  progress  was  made  and  a  set  of  criteria 
regarding  desirable  characteristics  of  the  electronic  and  lattice  structure  was  established.  The 
preferred  materials  would  be  semiconductors/semimetals;  the  energy  gap  between  the 
conduction  and  valence  band  would  be  large  enough  to  avoid  the  generation  of  minority 
carriers  at  the  temperature  of  operation  but  not  very  much  larger;  high  element  mass  materials 
would  be  preferred;  etc.  [1].  The  intent  of  all  these  criteria  was  to  help  find  a  usable  material 
with  the  highest  possible  efficiency;  i.e.,  one  that  would  generate  the  most  cooling,  for 
example,  for  a  given  quantity  of  input  energy.  A  measure  of  this  is  the  so  called  thermoelectric 
figure  of  merit,  Z,  or  the  dimensionless  figure  of  merit,  ZT,  where  T  is  the  absolute 
temperature.  Z  is  given  by  [2] 


Z  =  S^O/K  (1) 

where  S  is  the  Seebeck  coefficient  (or  thermoelectric  power),  o  is  the  electrical  conductivity 
and  K  is  the  thermal  conductivity.  Although  somewhat  more  progress  has  occurred  at  higher 
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temperatures,  the  highest  room  temperature  value  of  ZT  achieved  has  remained  approximately 
unity. 

The  search  for  higher  ZT's  has  involved,  in  large  measure,  electronic  transport  experiments 
with  their  interpretation  as  a  window  on  the  electronic  structure  and  simple  theoretical  modeling 
of  the  thermoelectric  consequences  of  changes  in  this  structure.  In  this  manuscript  we  will 
emphasize  a  few  of  the  often  overlooked  complications  associated  with  electron  scattering 
effects  that  can  influence  the  interpretation  of  data  as  well  as  the  precautions  to  take  in  treating 
an  electron  gas  that  is  neither  purely  classical  nor  purely  quantum.  Then,  a  particular  kind  of 
scattering  center  will  be  used  in  a  model  calculation  to  illustrate  how  scattering  effects  can  be 
u.sed  to  enhance  the  thermoelectric  power.  Finally,  .some  of  the  pitfalls  in  interpreting  various 
transport  coefficients  that  impact  a  search  for  thermoelectric  materials  will  be  mentioned. 

THEORETICAL  CONSIDERATIONS 

Fundamental  Equations 

The  three  tran.sport  coefficients  that  constitute  Z  in  equation  (1)  can  be  given,  in  the 
spherical  band  approximation,  by  combinations  of  a  class  of  integrals,  Mn,  and  are  [3] 


a  =  e2M| 

(2) 

S  =  tM2-TlMi]/eM|T 

(3) 

Ke  =  [MiM3-M22]/MiT 

(4) 

where, 

Mn  =  3;^jN(E)T(E)E"||dE 

(5) 

and  ti(T)  is  the  fermi  energy  measured  from  the  edge  of  the  band,  e  is  the  electronic  charge,  m* 
is  the  carrier  effective  mass  (electron  or  hole),  N(E)  is  the  density  of  states,  E  is  the  carrier 
energy,  also  measured  from  the  edge  of  the  band,  tfE)  is  the  carrier  scattering  time,  fo  is  the 
fermi  function  and  Ke  is  the  electronic  contribution  to  the  thermal  conductivity.  The  total 
thermal  conductivity,  K,  includes  a  lattice  or  phonon  contribution,  Kp,  so  that 

K  =  Ke  +  Kp  (6) 

Three  kinds  of  scattering  mechanisms  will  be  considered;  acoustic  phonons,  ionized 
impurities  and  neutral  impurities.  The  first  two  are  the  most  commonly  considered  in 
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themoelectricity  and  the  third  serves  as  a  kind  of  standard  by  virtue  of  its  simplicity.  The 
energy  dependencies  of  these  are  generally  taken  as  x  oc  (acoustic  phonons),  x  oc 
(ionized  impurities)  and  x  =  constant  (neutral  impurities)  [4]. 

The  reasons  that  Z  cannot  easily  be  made  very  large  is  not  immediately  obvious.  From 
equations  2-5  it  seems  clear  that  any  of  the  components  of  Z  can  be  made  larger  or  smaller  by 
manipulating  the  composition  and  structure  of  materials.  The  reason  Z  cannot  be  so  easily 
increased  is  that  all  the  components  of  Z  depend  on  the  same  material  parameters,  so  they 
cannot  be  individually  varied,  and  nature  has  conspired,  so  far,  to  make  difficult  the  obtaining 
of  values  of  ZT  much  in  excess  of  unity. 

A  second  complication  is  that  k  has  two  components,  as  seen  in  equation  (6).  Often  in  the 
most  promising  semimetallic  materials  Kp  is  comparable  to  or  greater  than  Ke.  Thus  even  if  a 
material  with  a  very  favorable  electronic  strucmre  is  found,  it  must  often  be  compromised  by 
alloying,  for  example,  in  order  to  reduce  Kp.  In  part  because  of  this  complication  and  even 
more  important  because  thermal  conductivity  is  by  far  the  most  difficult  transport  parameter  in 
Z  to  measure,  materials  are  usually  screened  by  determining  their  so  called  power  factor,  P  = 
S^a.  Thus  Z  =  P/k  and  an  approach  to  maximizing  Z  has  often  been  to  maximize  P  and  then 
try  to  minimize  k  by  minimizing  Kp  while  altering  the  electronic  structure  as  little  as  possible. 

There  is  a  well  known  characteristic  curve  of  P  as  a  function  of  conduction  electron  density 
which  has  a  maxima  at  about  10'^  electrons/cm^  [5].  Equations  (2)  and  (3)  predict  this  but 
show  that  where  the  peak  occurs  depends  on  the  energy  dependence  of  x.  Figure  1  shows  the 
result  of  a  numerical  evaluation  of  equations  (2)  and  (3)  using  a  room  temperature  value  of  kT 
(k  is  the  Boltzmann  constant)  with  the  x  =  constant  curve  peak  occuring  at  electron 
concentrations  above  that  for  x  E‘'^2  in  fact  the  x  «:  E^^2  curve  will  not  manifest  a  peak  at 
all.  (In  an  actual  experimental  situation,  of  course,  a  purely  dependence  of  x  on  the 
electron  energy  at  room  temperature  would  never  occur.  There  would  always  be  phonons.) 
Thus  modifying  a  material  to  minimize  Kp  can  affect  your  power  factor  not  only  by  changing 

the  electronic  stmcture  or  the  average 
mobility  of  the  electrons  (the  average  of  x 
over  energy)  but  simply  changing  the 
dominant  form  of  the  scattering.  This  is 
particularly  tme  below  room  temperature 
since  above  room  temperature  the 
scattering  is  phonon  dominated. 

Because  many  of  the  early  and  best 
references  on  thermoelectric  materials 
were  written  before  computational 
facilities  were  eonveniently  accessible, 
material  optimization  strategies  were 


n  (cm'  ^  ) 


Fig.  1  The  power  factor,  S^a,  as  a  function  of  the  electron 
concentration  in  arbitrary  units  for  three  different  energy 
dependences  of  the  electron  scattering  time,  "c. 
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based  on  calculations  that  could  be  carried  out  analytically.  To  this  end  the  appropriate 
expressions  were  developed  using  equations  (2)-(5)  with  classical  (Maxwell-Boltzman) 
statistics  for  the  electron  gas,  i.e.,  it  was  assumed  that  kT»Ti.  In  fact  the  best  materials,  for  a 
given  temperature  range,  typically  operate  where  kT-T]  [6],  which  we  will  call  the  intermediate 
temperature  range.  It  is  therefore  of  some  interest  to  examine  traditional  strategies  and 
approximations  in  light  of  more  accurate  numerical  calculations  easily  obtainable  with  desktop 
computers. 

Equation  (1)  has  sometimes  been  rewritten 
ZT  =  s2oT/k  =  s2aT/(Ke  +Kp)  =  s2/{(Ke  +Kp)/oT)  =  S2/{L  +Kp/cTT)  (7) 


where  L  is  the  Wiedermann-Franz  ratio,  Ke/oT,  and  is  typically  taken  as  a  constant  for  the 
purpose  of  either  planning  new  experiments  or  interpreting  already  existing  experimental  data. 
In  fact  L  is  a  different  "constant"  depending  on  whether  one  is  dealing  with  a  Fermi-Dirac 
(quantum)  or  Maxwell-Boltzmann  (classical)  gas  and  if  dealing  with  a  classical  gas,  depends 
on  the  parameter  q  where  x  «  Specifically,  L=  Ak^/e^  where  A  is  lO-l'i  for  a  quantum  gas 
and  is  [(5/2)+q]  for  a  classical  electron  gas  [7].  Furthermore,  data  taken  as  a  function  of 
temperature  in  the  intermediate  range,  where  the  carriers  are  becoming  increasingly  classical 
with  increasing  temperature,  will  obviously  reflect  a  temperature  dependence  of  L(T).  This  is 
shown  in  Fig.  2  for  the  three  scattering  mechanisms  considered  in  this  manuscript  and  for  two 
zero-temperature  fermi  energies,  Tjo.  From  the  metallic  value  at  T=0,  L  falls  by  almost  40%  at 
high  temperatures  for  q=0  (25%  for  q=-l/2)  whereas  it  rises  by  more  than  20%  for  q=3/2. 
Furthermore,  for  the  fermi  energies  -50  mev  found  in  typical  thermoelectric  materials,  the 
transitions  take  place  over  several  hundred  degrees  and  should  be  taken  into  account  in  the 
interpretation  and  analysis  of  transport  data.  Finally  it  should  be  noted  that  the  variation  of  L 


0  100  200  300  400  500  600 


T(K) 

Fig. 2  The  Wiedermann-Franz  ratio,  Kc/oT,  is  shown  as  a 
function  of  temperature  for  two  values  of  T|o  and  three  different 
energy  dependences  of  the  electron  scattering  time,  x. 


seen  in  Fig.  2  is  due  to  the  change  with 
temperature  of  q/kT  both  because  of  an 
increasing  T  and  because  of  a  falling  of 
q  with  temperature. 

It  should  also  be  noted  that  in  a  real 
material  there  will  be  variations  of  L  as 
a  function  of  temperature  that  arise 
because  of  a  change  with  temperature  of 
the  dominant  form  of  scattering.  For 
example,  at  low  temperatures  the 
dopants  in  a  donor  doped 
semiconductor  would  not  be  ionized 
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and  could  constitute  neutral  impurity  scattering  centers  driving  L  below  the  T=0  value,  Lq.  As 
the  temperature  is  raised  the  dopants  ionize,  become  the  dominant  scattering  center  and  push  L 
above  Lq.  Finally  at  still  higher  temperatures,  phonons  dominate  the  scattering  processes  and 
return  L  to  values  below  Lq. 


Effect  of  Energy  Dependence  of  Scattering  on  S. 


The  importance  of  o  and  k  notwithstanding,  the  magnitude  of  S  is  primary.  As  is 
apparent  from  equations  (3)  and  (5)  S  is  given  by  a  fraction  of  two  integrals  of  the  form 


jG(E)T(E)(E-7j)dE 

eTjG(E)T(E)dE 


Thus  since  G(E)  and  't(E)  each  retain  the  same  signs  throughout  the  range  of  integration,  S  is 
proportional  to  a  difference  of  negative  and  positive  contributions  of  the  numerator's  integrand 
from  electron  energies  below  and  above  ti  respectively.  For  a  single  band  of  electrons,  say, 
maximizing  S  involves  minimizing  one  of  those  two  contributions,  preferably  that  below  the 
fermi  energy  (it  is  typically  the  smaller  contribution).  Having  t|  at  or  below  the  band  edge,  of 
course,  completely  eliminates  any  contribution  from  E's  below  ri.  In  fact,  the  more  the 
weighting  factor  (E-T))  can  be  augmented,  say  by  having  a  sharp  positive  variation  of  t(E)  with 
E,  the  larger  will  be  S.  These  trends  are  seen  in  Fig.  3  where  we  have  calculated  S  as  a 
function  of  temperature  for  three  functional  forms  of  t  for  a  semimetal  with  a  zero-temperature 
fermi  energies  of  20  and  100  mev.  The  positive  variation  of  x  with  E  provides  the  largest  value 
of  S  for  both  energies  as  would  be  expected.  This  approach  is  simply  a  variation  on  the  well 
known  theme  of  searching  for  a  material  which  has  a  lot  of  sttucture  in  its  band  characteristics 
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Fig.3  The  Seebeck  coefficient,  S,  is  shown  as  a  function  of 
temperature  for  two  values  of  nO  and  three  different  energy 
dependences  of  the  electron  scattering  time,  T. 


[8].  In  fact  it  is  structure  in  the 
integrand  of  the  numerator  of  equation 
(7)  that  is  required,  i.e.,  for  electrons,  a 
rapid  increase  in  the  integrand  with 
energy,  E,  which,  in  principle,  can  be 
obtained  by  the  selection  of  the 
scattering  centers  as  well  as  the 
electronic  stracture. 

Another  example  of  how  a 
relaxation  mechanism  with  a  particular 
energy  dependence  can  effect  S  is  the 
potential  electron  scattering  properties 
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of  the  virtual  bound  state  [9].  When  an  impurity  atom  is  imbedded  in  a  matrix  it  sometimes 
retains  some  character  of  its  free  atom  atomic  energy  levels.  Although  these  levels  hybridize 
with  the  matrix  band  states  and  spread  out  over  some  energy  range,  for  d-states  and  much  more 
so  for  f-states,  the  spreading  is  narrow  compared  to  the  band  width.  Locally  in  space  around 
the  impurity  there  is  an  enhanced  density  of  states  with  an  energy  dependence  that  has  a 
Lorentzian  shape.  Since  the  electron  scattering  rate,  l/x,  is  proportional  to  the  density  of  states 
we  shall  assume  a  l/x(E)  that  varies  with  energy  as  a  Lorentzian.  That  is  l/x  = 
b/{  (E-Eo)2+b2 )  as  shown  in  the  inset  of  Fig.  4a,  x(E)  itself  is  obviously  a  parabola  centered 
at  Eo  with  a  minimum  magnitude  of  b.  For  illustrative  purposes  we  take  one  example  with  a 
zero-temperature  fermi  energy,  po,  of  20  mev  and  one  with  100  mev.  In  both  cases  we  use 
Lorentzians  with  line  widths  (full  width  at  half  maximum)  of  2  mev  that  do  not  change  their 
energy  width  or  energy  position  with  temperature.  In  both  cases  also  we  carry  out  the 
calculation  for  two  cases.  In  one,  the  Lorentzians  are  centered  20  mev  above  and  in  the  second 
20  mev  below  the  zero-temperature  fermi  surface.  The  results  of  these  calculations  are  shown 
in  Figs.  4a  and  4b  with,  in  addition,  the  calculation  for  a  constant  (energy  independent)  X  for 
comparison. 

The  curves  in  Figs.  4  have  a 
number  of  interesting  features.  Firstly, 
if  the  Lorentzian  is  centered  above  the 
fermi  energy,  starling  at  T=0,  the  S  vs. 
T  curves  decrea.se  initially  before 
displaying  the  usual  upward  trend. 
Secondly,  the  curve  associated  with  the 
Lorentzian  centered  above  the  fermi 
energy  starts  below  that  associated  with 
the  Lorentzian  below  the  zero- 
temperature  fermi  energy  but  at  some 
temperature  the  curves  cross  and  the 
latter  is  predicted  to  have  a  larger 
thermoelectric  power  than  the  former. 
The  temperature  at  which  this  occurs 
depends  on  the  zero-temperature  fermi 
energy.  Finally,  above  some 
temperature,  both  Lorentzian  scattering 
functions  give  rise  to  larger 
thermoelectric  powers  than  does  an 
energy  indeptendent  scattering 
mechanism. 
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Fig.4  The  Secbcck  coefficient  is  shown  as  function  of 
temperature  for  two  values  of  the  zero-temperature  fenmi 
energy,  po.  and  three  different  energy  dependences  of  the 
electron  scattering  time.  The  energy  dependences  of  x  arc 
l/x  equal  to  a  Lorentzian  with  a  full  width  at  1/2  the 
maximum  of  2  mev  and  a  peak  centered  20  mev  below  r|o. 
l/x  equal  to  the  same  Lorcnt7.ian  but  centered  20  mev  above 
Po.  and  a  x  which  is  energy  independent.  The  Lorentzian 
function  is  shown  in  the  inset  in  Fig.  4a.  Fig.4a  shows  the 
Secbcck  coefficient  for  a  free  electron  band  with  a  20  mev 
fermi  energy  and  Fig. 4b  shows  the  coefficient  for  a  band 
with  a  100  mev  fermi  energy. 
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The  first  of  these  features  can  be  qualitatively  understood  in  the  following  way.  When 
Ti»kT,  the  contribution  to  S  of  the  electrons  above  exceed  those  below  t|  for  the  most 
common  energy  dependencies  of  TfE)  that  have  been  considered.  If,  however,  l/t(E)  is  a 
Lorentzian  centered  above  T|  at  T=0  then  clearly  the  electrons  with  E>T|  suffer  much  greater 
scattering  and,  for  some  combinations  of  parametric  values,  the  electrons  with  E<ri  will 
dominate  the  numerator  of  equation  (8).  This  gives  rise  to  the  negative  going  values  of  S  vs.  T 
near  T=0.  As  the  temperature  rises  toward  il-kT,  the  energy  distribution  of  the  electron  gas  is 
broadened  and  increasingly  large  contributions  to  S  are  made  by  electrons  with  energies  far 
from  Tj  including  electrons  whose  energies  fall  above  the  center  point  of  the  Lorentzian.  These 
are  further  weighted  to  higher  energies  in  the  integrand  of  the  numerator  of  equation  (8)  by  the 
factor  (E-ti).  Significant  contributions  to  the  numerator  of  equation  (8)  continue  for  many  kT 
above  t\.  Below  ti,  contributions  are  much  smaller  because  G(E)  is  smaller  and  they  cease  at 
the  band  edge.  This  asymmetry  becomes  inereasingly  important  with  rising  temperature  and 
spreading  electron  energy  spectrum  until  finally  S  turns  upward  and  even  crosses  the  S=0  axis. 

The  second  feature,  the  crossing  of  the  two  S  vs.  T  curves  representing  the  two  Lorentzian 
scattering  rates  might  at  first  seem  surprising.  The  Lorentzian  at  higher  energies,  after  all,  is 
always  the  more  effective  scattering  function  for  the  most  energetic  electrons.  These  electrons 
make  the  positive  and  the  largest  contribution  to  S  by  way  of  the  numerator  of  equation  (8). 
Since  scattering  reduces  the  numerator  of  equation  (8)  one  might  not  expeet  the  crossing  we 
find.  The  explanation  is  that  the  numerator  is  reduced  less  than  the  denominator  when  the 
Lorentzian  is  placed  at  20  mev  above  the  zero-temperature  fermi  energy  because  of  the 
somewhat  subtle  interplay  between  the  energy  dependence  of  dfo/dE  and  the  E-t|  weighting 

factor. 

The  fact  that  both  Lorentzians  give  rise  to  a  larger  S  than  does  an  energy  independent  t  at 
all  but  the  lowest  temperatures  is  simple  to  understand.  The  rapidly  increasing  x's  with  E, 
which  is  associated  with  the  Lorentzians,  can  lead  to  a  domination  of  S  by  the  highest  energy 
electrons.  This  will  happen  above  some  temperature  where  the  energy  spread  of  the  electrons 
yields  enough  of  these  higher  energy  electrons. 

Sorting  Out  the  Electronic  Structure 

For  semiconductors  and  semimetals  the  Hall  effect  and  fermiology  techniques  have 
been  the  most  powerfull  tools  to  investigate  the  aspects  of  electronic  structure  that  impact  the 
transport  properties.  At  temperatures  of  4K  and  lower,  the  electron  gas  in  thermoelectric 
materials  is  reliably  degenerate  (kT«  the  fermi  energy).  If  the  high  magnetic  field  regime  can 
be  attained  (a)cT»l  where  coc  is  the  cyclotron  frequency)  then  such  measurements  as  the  high 
field  Hall  effect  and  de  Haas-Shubnikov  effect  can  be  made  and  often,  but  not  always,  be 
reliably  interpreted.  If  they  can,  then  these  two  measurements  together  can  provide  fermi 
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surface  sizes,  shapes  effective  masses  and  sometimes  even  the  fermi  energy  [10-12],  For  the 
simplest  fermi  surface  geometries  this  can  sometimes  be  done  even  without  the  Hall  effect  data. 
In  addition  one  can  often  obtain  at  least  some  information  regarding  the  electron  scattering  [10- 
12],  Unfortunately,  as  the  temperature  is  raised  to  levels  of  interest  for  applications  of 
thermoelectric  materials  many  of  these  parameters  can  change.  Furthermore,  fermiology 
experiments  cannot  be  carried  out  at  these  temperatures  (where  C0c'C«l)  and  Hall  effect 
measurements,  though  they  can  be  made  and  are  worth  doing,  are  much  more  problematic  in 
their  interpretation. 

Among  the  difficulties  in  interpreting  the  Hall  effect  is  that  the  high  field  limit  cannot  be 
achieved.  In  the  high  field  limit  the  Hall  effect  depends  only  on  the  difference  in  the  number  of 
holes  and  electrons.  An,  RH=l/(Ane).  In  contrast,  for  example,  for  a  classical  single  band 
electron  gas  in  the  low  field  limit  and  with  n  electrons 


R 


H 


ne  <  T  > 


(9) 


where  <T>=^Jt(E)x^^2e"^dx,  x=E/kT.  The  brackets  <>  indicate  an  average  over  occupied 
states.  For  the  three  basic  scattering  cases  considered  in  this  paper  [13], 

<t2>/<t>2=1  t  is  constant 

<'t2>/<-c>2=3Tc/8=1.18  t(E)~E-'/2  (10) 

<'t2>/<T>2  =3 1 57t/5 1 2=  1 .93  x(E)~E^I^ 


If  1/t(E)  is  a  Lorentzian,  the  situation  is  more  complicated  and  <t2>/<t>2  depends  on  its 
width  and  position  relative  to  the  fermi  energy.  If  the  electron  gas  is  not  strictly  classical,  but 
rather  intermediate,  then  the  situation  is  even  more  complicated.  One  can,  never  the  less, 
devise  useful  strategies.  For  example  for  a  thermoelectric  material  one  has  presumably 
arranged  to  have  either  holes  or  electrons  but  not  both.  A  low  temperature  high  field  Hall 
effect  measurement  could  give  you  their  number  and  since  this  has  a  good  chance  of  not  being 
a  function  of  temperature,  this  and  a  higher  temperature  Hall  effect  measurement  could  be  used 
to  help  extract  the  energy  dependence  of  T  from  equation  (10)  or  its  intermediate  electron  gas 
equivalent.  But  the  answer  obtained  will  not  be  unique  so  all  other  available  information  will 
be  important  including  theory,  systematics  of  the  experimental  results,  and  perhaps  other 
measurements  such  as  the  magnetorcsistance.  There  is,  however,  no  fixed  strategy  for  all 
situations. 


44 


CONCLUSION 


The  figure  of  merit  of  thermoelectric  materials  is  most  strongly  influenced  by  S.  We 
have  emphasized  that  the  seattering  characteristics  of  the  electrical  carriers  can  be  as  important 
as  the  underlying  electronic  structure  in  determining  S  and  they  may  be  much  simpler  to 
manipulate  than  the  overall  electronic  structure.  This  is  particularly  true  at  lower  temperatures 
where  the  phonon  scattering  is  less  important.  It  has  been  further  emphasized  that  in  planning 
a  research  program  or  in  understanding  the  data  as  it  accumulates  in  the  program  it  is  important 
to  explicitly  take  into  consideration  the  classical,  quantum  or  intermediate  nature  of  the  electron 
gas. 
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ABSTRACT 

Some  new  guidelines  are  given  that  should  be  useful  in  the  search  for  thermoelectric 
materials  that  are  better  than  those  currently  available.  In  particular,  clathrate  and  crypto- 
clathrate  compounds  with  filler  atoms  in  their  cages  offer  the  ability  to  substantially  lower  the 
lattice  thermal  conductivity. 

INTRODUCTION 

The  present  discussion  is  addressed  to  the  problem  of  finding  better  bulk  thermoelectric 
materials  than  those  in  present  use.  Some  of  the  ideas  here  have  been  presented  previously  in  the 
"CRC  Handbook  of  Thermoelectrics"  [1].  From  1956  up  to  the  present  the  major  design 
concepts  for  thermoelectrics  were  those  used  by  Ioffe  [2].  These  were  to  select  binary 
semiconducting  compounds  composed  of  heavy  elements  from  the  lower  part  of  the  periodic 
table,  and  then  to  reduce  their  lattice  thermal  conductivity  by  forming  mixed  crystals  [3].  This 
approach  yielded  the  thermoelectrics  based  on  Bi,  PbTe,  and  Bi2Te3.  Since  then  the  concept  of 
the  minimum  lattice  thermal  conductivity  [4]  has  shown  that  there  is  a  lower  limit,  K,„i„,  to  the 
lattice  thermal  conductivity,  Kq,  of  any  semiconductor  (or  metal),  and  that  mixed  crystal 
formation  does  not  produce  [4]  enough  phonon  scattering  to  lower  K^  to  This  can  be 
clearly  seen  in  the  PbTe-PbSe  system  [1]. 

THEORY 
Caged  Atoms 

The  new  concept  [1],  which  avoids  this  limitation,  is  that  some  crystals  can  be  constructed 
that  possess  "rattling"  atoms  entrapped  in  cages  or  voids  that  are  already  present  in  the  crystal 
structure.  One  of  the  first  systems  to  employ  this  method  of  reducing  Kq  was  Li-doped  KCl  [5]. 
Here  the  small,  light-mass  Li  atom  has  eight  possible  equilibrium  positions  in  a  K  vacancy. 
Because  of  the  small  mass  of  Li  compared  to  K,  and  lithium's  limited  solid  solubility,  the  thermal 
conductivity  reduction  is  only  appreciable  below  20K.  A  much  larger  drop  in  Kq  was  found  for 
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yttrium  atoms  encaged  in  boron  [6]  in  the  compound  B^gY.  The  Y  atoms  are  much  more  massive 
than  the  boron,  their  concentration  is  higher  than  for  Li  in  KCl,  and  now  Another 

"rattling"  system  that  exhibits  minimum  thermal  conductivity  [7]  is  xenon  hydrate,  dbHjOfSXe], 
Again  there  are  heavy  mass  encaged  atoms  at  high  concentration. 

A  second  method  of  reducing  Kp,  noted  by  Slack  [1]  is  to  build  atoms  into  the  structure 
that  have  weak  bonding  and  low  coordination  number.  Such  is  the  case  [1]  for  As  in  TljAsSe, 
where  the  coordination  number  is  3,  and  the  As  "wobbles"  back  and  forth  between  two  positions 
O.SOA  apart.  A  second  example  is  CujO  where  the  coordination  number  of  the  Cu  is  2.  The 
lattice  thermal  conductivity  of  CujO  is  low,  almost  temperature  independent  [8],  and  much  lower 
than  that  [9]  of  ZnO.  The  number  of  crystal  .structures  that  incorporate  these  "wobbling"  atoms 
appears  to  be  very  small,  particularly  among  semiconducting  compounds.  One  other  candidate 
[10]  is  PbAgAsSj  with  3-coordinated  Ag  atoms.  A  number  of  compounds  of  monovalent  Ag  and 
Au  have  2-coordinated  atoms,  for  example  [11]  AgjAuTe^.  Their  thermal  conductivities  are  not 
known,  but  may  well  be  quite  small. 

It  appears  reasonable  to  conclude  that  the  crytals  with  "rattling"  atoms  in  oversize  cages 
will  be  easier  to  construct  and  will  have  lower  Kr  values  than  those  with  "wobbling"  atoms. 

Limits  on  ZT 

The  dimensionless  figure  of  merit,  ZT,  for  a  material  at  temperature  T  with  a  Seebeck 
coefficient,  S,  and  an  electrical  conductivity,  o,  is  given  by 


ZT=  Slfll  (I) 

Kp+Ko 

In  Eq.  (1)  the  electronic  and  lattice  thermal  conductivities  are  and  respectfully.  For 
semiconductors  of  use  in  thermoelectric  devices,  one  generally  finds  lOOOiSa  30  mlcrovolt/K.  If 
K(,  =  0  and  S  =  1000  microvolt/K,  then 

ZT  =  S/(L„)’"  =  41  (2) 

However,  the  lowest  real  limit  on  K,„i„  would  be  for  a  heavy-atom  crystal  with  a  Debye 
temperature  of  about  lOOK.  This  lowest  value  is  about  1  milliwatt/cmK  at  room  temperature.  If 
we  pick  a  realistic  [I]  upper  limit  on  the  weighted  mobility,  U,  where 

U  =  p(m*/m„)“  (3) 
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to  be  U=1800cmWsec  at  room  temperature  and  combine  this  with  this  lower  limit  on  K^,  we  can 
obtain 

Zr  “  5  (4) 

for  an  optimally  doped  material  with  S~440  microvolt/K  and  with  lO'Vcm’  carriers.  This  assumes 
normal  parabolic  bands  in  the  semiconductor. 

If  one  could  tailor  the  electron  density  of  the  states  so  that  it  exhibits  a  delta-function 
singularity,  then  according  to  Mahan  and  Sofo  [12],  one  might  obtain 

ZT  ~  14  (5) 

This  requires  a  very  fancy  control  of  the  electrical  properties,  but  would  produce  [12]  a  "Best 
Thermoelectric". 

We  conclude  that  ZT  values  greater  than  unity  at  room  temperature  are  theoretically 
possible,  but  require  low  Kq  values  and  good  electrical  properties. 

"PGEC" 

The  concept  of  a  "phonon  glass  and  an  electron  crystal"  or  PGEC  was  introduced  by 
Slack  [1]  as  the  limiting  material  for  a  good  thermoelectric.  In  order  to  select  good  "electron 
crystals",  we  note  that  Mahan  [13]  has  shown  that  the  energy  gap  of  a  good  thermoelectric  is 
related  to  its  absolute  operating  temperature,  T,  by: 

Ec-IOKT  (6) 

For  operating  temperatures  below  1200K,  this  means  Eq  values  less  than  leV,  There  is  a  useful 
correlation  between  Eo  values  and  the  electronegativity  differences,  |  AX| ,  in  compound 
semiconductors  given  by  Slack  [1].  All  of  the  useful  materials,  so  far,  have  |  AX|<1.0.  See  Fig. 

1 0  of  Ref  1 .  There  is  also  a  systematic  correlation  between  U  and  |  AX  | ,  see  Fig.  11  of  Ref  1 . 
The  good  thermoelectrics  with  U>100cmWsec  all  have  |  AX  |  <0.5.  Thus  it  appears  that  if  we  are 
choosing  an  "electron  crystal,"  it  should  have  |  AX|<0.5.  If  we  want  materials  better  than  Bi^Tej, 
we  should  pick  |  AX  |  <0.2. 

Another  criterion  for  good  thermoelectrics  is  that  they  should  have  highly  polarizable 
atoms  so  that  ionized  impurity  scattering  of  the  charge  carriers  is  minimized.  This  is  especially 
important  for  thermoelectrics  where  high  doping  levels  are  common.  This  means  choosing 
compounds  or  mixed  crystals  of  the  elements  Sn,  Sb,  Bi,  or  Te.  For  binary  semiconducting 
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compounds  this  restriction  limits  f  1  ]  one  to  compounds  of  Mo,  Re,  Ru,  Os,  Co,  Rh,  Ir,  or  Pt  with 
the  elements  Sb  or  Te. 

Clathrate  Crystals 

The  approach  to  finding  good  thermoelectric  materials  now  is  to  select  those  heavy- 
element  compound  semiconductors  of  Sb  or  Te  with  low  |  AX|  that  have  voids  in  their  structures, 
The.se  voids  are  then  populated  partially  or  completely  with  atoms  that  can  "rattle"  about  in  the 
voids  in  order  to  reduce  Kf,  toward  K„,„.  The  "phonon  glass"  is  achieved  when  K,-,  equals  K^.  A 
list  of  such  candidates  with  their  void  diameters  and  the  coordination  number  of  the  voids  is  given 
in  Table  1.  The  largest  voids  are  those  in  IrSbj  at  4.08A.  This  just  about  matches  the  elemental 
diameter  of  krypton  at  4.02A,  it  is  noticeably  larger  than  the  diameter  of  La  at  3.74A.  Thus  La 
atoms  or  the  other,  smaller,  rare  earth  atoms  can  "rattle"  when  trapped  in  these  voids.  The  effects 
of  rare  earth  atoms  on  Kn  have  been  measured  by  Nolas  et  al  [14],  and  the  La  incorporation  drops 
the  room  temperature  thermal  conductivity,  K(-,,  a  factor  of  1 1 .  The  decrease  in  at  lower 
temperatures  is  even  larger.  In  addition  the  smaller  and  heavier  rare  earth  atoms  produce  [14]  an 
even  larger  decrea.se  in  Kf,. 

The  conclusion  to  be  drawn  is  that  the  "rattle  in  a  cage"  method  of  reducing  Kq  actually 
works.  What  other  crystals  might  be  found  to  which  this  type  of  phonon  scattering  can  be 
applied? 


Table  1:  Void  Diameters  in  True  Clathrates 


Host 

Diameter,  A 

Coord.  No. 

K„i„,  milliwatt/cmK 

Ge 

2.44 

4 

5.0 

Irjcs 

2.46 

6 

O 

1 

RejTe, 

2.66 

4 

-4.0 

MoJej 

3.44 

8 

-4.0 

CoSbj 

3.78 

12 

3.1 

RhSbj 

4.04 

12 

3.1 

IrSbj 

4.08 

12 

3.1 

Grey  Sn 

2,81 

4 

2.5 
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Crvpto-Clathrate  Crystals 


In  the  true  clathrates  the  voids  in  the  structure  are  present  in  the  host  crystal  even  when  no 
guest  atoms  are  present.  In  crypto-clathrates  (or  hidden-clathrates)  the  voids  only  arise  in  the 
presence  of  the  guest  atoms.  Thus  the  guest  atoms  actually  change  the  crystal  structure  of  the 
host.  The  well  known  crypto-clathrates  are  ice,  silicon,  germanium,  and  tin.  The  ice  clathrates 
have  been  known  since  1810.  The  Si,  Ge,  and  Sn  clathrates  were  discovered  in  1965  by  Kasper  et 
al  [15].  A  recent  paper  by  Adams  et  al  [16]  gives  many  references  to  work  in  this  area.  The  two 
common  types  [15]  of  Si,  Ge,  and  Sn  clathrate  structures  (I  and  H)  are  the  same  as  those  found 
for  HjO.  The  structures  are  three-dimensional,  cubic  networks  of  tetrahedrally  bonded  Ge  atoms 
with  12-sided,  14-sided,  and  16-sided  voids  inside.  The  electrons  move  about  on  the  network 
bonds;  the  weakly-bonded  guest  atoms  "rattle"  about  inside  the  voids.  The  diameters  of  the  voids 
are  given  in  Table  2.  These  voids  are  considerably  larger  than  those  in  IrSbj.  Thus  the  atomic 
"rattling"  should  be  greater,  and  the  Kq  reduction  should  be  larger.  Note  in  Table  2  that  almost 
any  of  the  atoms  in  the  periodic  table  could  be  accommodated  in  the  larger  voids.  No  thermal 
conductivity  values  have  been  reported  to  date  on  any  of  these  clathrates. 


Table  2:  Void  Diameters  in  Crypto-Clathrates 


Host 

Structure  Type 

Small  Diameter,  A 

Large  Diameter,  A 

Si 

I 

4.11 

4.59 

Ge 

I 

4.35 

4.67 

Sn 

I 

4.85 

5.29 

Si 

II 

4.11 

5.35 

Ge 

II 

4.35 

5.61 

Sn 

II 

4.85 

(6.43)* 

*unknown  structure 


Guest  Atom  Diameters,  A 

Na  3.70  He  3.00 

Cs  5.24  Xe  4.38 


51 


A  large  number  of  Si,  Ge,  and  Sn  clathrates  have  been  made  since  1965.  Table  3  lists  20 
different  Ge  clathrates  that  have  been  made  so  far  by  various  authors.  The  host  atoms  are  often 
Ge  atoms  mixed  with  some  other  atoms  that  go  easily  into  the  tetrahedral  framework.  The  guest 
atoms  in  the  voids  are  both  larger  and  heavier,  and  both  electropositive  and  electronegative  guests 
have  been  trapped.  Very  little  work  has  been  done  on  the  electronic  properties  of  these  materials, 
but  they  all  appear  to  be  semiconductors  if  the  number  of  electrons  per  host  atom  is  just  4.0.  For 
example  there  are  8  voids  and  46  host  atoms  in  the  unit  cell  of  the  Type  I  crystal  structure.  If 
each  void  contains  a  K'*  ion,  these  will  donate  8  electrons  to  the  host.  These  electrons  can  be 
taken  up  by  4  zinc  atoms  in  order  to  maintain  4  electrons  per  host  atom.  The  resulting  compound 
would  be:  KgZn4Ge42.  This  should  be  an  intrinsic  semiconductor. 

The  Seebeck  coefficients  and  electrical  conductivities  of  some  samples  have  been 
measured  by  Cros  et  al  [17],  while  Chu  et  al  [18]  have  measured  o  versus  T.  Some  band 
structure  calculations  have  been  carried  out  by  Saito  and  Oshiyama  [19]  which  predict  good 
semiconductor  behavior  for  these  clathrate  structures. 


Table  3:  Germanium  Clathrates,  Ge4sX 


Host 

Guest 

Year 

Host 

Guest 

Year 

Ge 

K 

1968 

Ga-Ge 

Ba 

1986 

Ge 

Rb 

1970 

Cd-Ge 

Ba 

1995 

Al-Ge 

Na 

1977 

In-Ge 

K 

1975 

Al-Ge 

K 

1977 

In-Ge 

Ba 

1995 

Al-Ge 

Ba 

1986 

Ga-Ge-Sb 

1 

1976  1 

Zn-Ge 

Ba 

1995 

Ge-As 

Br 

1972  1 

Ga-Ge 

Na 

1977 

Ge-As 

I 

1972 

Ga-Ge 

K 

1975 

Ge-Sb 

Br 

1972 

Ga-Ge 

Sr 

1986 

Ge-Sb 

I 

1972 

Type  11  (a,~15.4A) 


1  Ge.j^Na, 

1970  1 

1970  1 
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CONCLUSIONS 

New  and  better  thermoelectric  materials  can,  in  aO  probability,  be  found.  Some  of  the 
rules  for  these  new  materials  are: 

1.  Look  for  semiconducting  compounds  with  Eg  «  O.SOeV  of  Ge,  Sn,  Sb,  or  Te  with  small 
I  AX  I  values  and  heavy  atoms. 

2.  Find  binary  or  ternary  systems  where  the  electrons  travel  about  on  a  three-dimensional 
network  and  heavy-mass  atoms  "rattle"  about  in  voids  in  the  structure. 

3.  Attempt  to  reduce  the  lattice  thermal  conductivity  to  values  close  to  Then  ZT  values 
approaching  3  near  room  temperature  should  be  possible. 
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ABSTRACT 

Enhanced  ZT  has  been  predicted  theoretically  and  observed  experimentally  in  2D  quantum 
wells,  with  good  agreement  between  theory  and  experiment.  Advantages  of  low  dimensional 
systems  for  thermoelectric  applications  are  described  and  prospects  for  further  enhancement 
of  ZT  are  discussed. 


INTRODUCTION 


The  usefulness  of  thermoelectric  materials  for  refrigeration  or  power  generation  applications 
is  typically  expressed  by  the  dimensionless  quantity  ZT  where  T  is  the  temperature  (in 
degrees  Kelvin)  and  Z  is  the  thermoelectric  figure  of  merit 


Z  = 


5V 

> 

K 


(1) 


where  5  is  the  thermoelectric  power  or  Seebeck  coefficient,  a  is  the  electrical  conductivity  and 
K  is  the  thermal  conductivity.  Clearly  high  ZT  requires  high  5,  high  (7,  and  low  /c.  Since  an 
increase  in  S  normtJly  implies  a  decrease  in  (7  because  of  carrier  density  considerations,  and 
since  an  increase  in  <7  implies  an  increase  in  the  electronic  contribution  to  k  as  given  by  the 
Wiedemann-Franz  law,  it  is  very  difficult  to  increase  Z  in  typical  thermoelectric  materials. 
The  best  commercial  3D  thermoelectric  material  is  in  the  Bi2(i_j,)Sb2xTe3(i_„)Se3y  family 
with  room  temperature  ZT  «  1  for  Bio.sSbi.sTes  [1].  It  is  generally  considered  that  only 
incremental  improvements  in  the  ZT  of  this  system  are  possible.  For  this  reason,  efforts 
are  being  expended  in  the  identification  of  new  families  of  materials  with  a  high  density  of 
states  at  the  Fermi  level  [2-4]  and  with  cage-like  structures  partially  occupied  by  constituent 
rattling  atoms  [5,6].  This  approach  appears  to  be  promising,  and  values  of  ZT  ~  1.4  have 
been  achieved  in  CeFe4Sbi2  at  T  =  900  K  [7]. 

Reduced  dimensionality  [as  occurs  in  quantum  wells  (2D)  or  quantum  wires  (ID)]  offers 
another  strategy  for  enhancing  ZT  [8,9],  because  of  (1)  enhancement  of  the  density  of  states 
near  Ep  leading  to  an  enhancement  of  the  Seebeck  coefficient,  (2)  increased  carrier  mobilities 
at  a  given  carrier  concentration  due  to  quantum  confinement,  modulation  doping  and 
doping  phenomena,  (3)  opportunities  to  take  advantage  of  the  anisotropic  Fermi  surfaces  in 
multivalley  semiconductors,  (4)  increased  boundary  scattering  of  phonons  at  the  barrier-well 
interfaces,  while  effectively  preserving  carrier  mobilities  by  exploiting  the  different  length 
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Figure  1:  Dependence  of  ZT  on  the  width  of  the  quantum  well  (wire)  for  a  BijTes-like 
material  for  transport  in  the  highest  mobility  Uo  direction  in  the  Oo  —  ho  plane,  where  Oo  and 
6o  denote  lattice  constants  [8, 10, 14], 


scales  for  phonon  and  electron  scattering,  and  (5)  the  different  temperature  dependences  of 
the  transport  properties  and  intrinsic  carrier  excitation  in  low  dimensional  systems  relative 
to  3D  systems.  The  dependence  of  the  5,  <t,  k,  on  quantum  well  thickness  is,  of  course,  the 
principal  method  for  enhancing  ZT,  both  through  quantum  confinement  effects  and  reduced 
thermal  conductivity  [8,10-13]. 

Calculations  based  on  the  simplest  possible  model  for  a  quantum  confined  two-dimensional 
(2D)  electron  gas  [8],  and  described  in  the  next  section,  indicate  that  it  should  be  possi¬ 
ble  to  obtain  significant  enhancement  in  ZT  for  a  Bi2Te3-like  material  when  prepared  as  a 
2D  quantum  well,  and  even  greater  enhancement  in  ZT  when  prepared  as  a  ID  quantum 
wire  [10,14],  as  shown  in  Fig.  1.  The  results  of  Fig.  1  suggest  that  a  good  thermoelectric 
material  in  3D  might  be  expected  to  exhibit  even  higher  ZT  values  in  reduced  dimensions. 
Furthermore,  as  discussed  below,  some  materials  which  are  not  favorable  for  high  ZT  in  3D 
may  exhibit  high  ZT  in  2D  [15].  However,  the  confinement  lengths  required  for  enhanced 
ZT  are  quite  small  for  a  Bi2Te3-like  material  (see  Fig.  1).  Thus,  it  may  not  be  possible 
to  realize  such  an  enhancement  experimentally  for  both  materials  science  issues  (pertaining 
to  interface  integrity)  and  physics-related  issues  (pertaining  to  quantum  confinement  and 
applicability  of  band  theory).  Since  the  solutions  of  the  Schrodingcr  equation  for  a  particle 
in  a  box  En  =  fi.^7r^7i/(2m*a^)"'^^  scale  with  quantum  well  width  a,  simitar  enhancements 
of  ZT  would  be  expected  to  occur  at  larger  quantum  well  widths  for  materials  with  light 
effective  mass  components  in  the  direction  of  quantum  confinement. 

In  this  paper  we  discuss  very  simple  theoretical  models  that  show  enhancement  of  ZT 
in  2D  quantum  wells,  experimental  proof-of-principle  of  the  enhanced  ZT  in  PbTe  quantum 
wells,  advantages  of  quantum  well  structures  for  achieving  enhanced  ZT  more  generally, 
strategies  for  using  temperature  dependent  phenomena  to  increase  ZT  in  quantum  wells, 
and  finally  the  advantages  of  bismuth  as  a  low  dimensional  thermoelectric  material. 


56 


THEORETICAL  MODELING 


In  the  simplest  model  for  thermoelectricity  in  2D  quantum  well  structures,  it  is  assumed 
that  the  electrons  in  the  valence  and  conduction  bands  are  in  simple  parabolic  energy  bands 
and  that  the  electrons  occupy  only  the  lowest  (n  =  1)  sub-band  of  the  quantum  well.  The 
electronic  dispersion  relations  are  then  given  by 


^  2m,  2m„  2m,a'^' 


(2) 


where  a  is  the  width  of  the  quantum  well,  and  m„  m^,  and  m,  are  the  effective  mass  tensor 
components  of  the  constant  energy  surfaces.  It  is  further  assumed  that  the  current  flows  in 
the  X  direction  and  that  quantum  confinement  is  in  the  z  direction.  Solution  of  Boltzmann’s 
equation  for  S,  cr,  and  (the  electronic  contribution  to  the  thermal  conductivity)  then 
yields  [8]  the  following  expression  for  the  dimensionless  figure  of  merit  in  2D 


^20^  = 


s  +  W-f  ’ 


where  the  Fermi-Dirac  function  F;  is  given  by 


Fi = Fic)  =  r 

Jo 


£«-<•)  -hi’ 


(3) 

(4) 


and  is  the  reduced  chemical  potential  relative  to  the  edge  of  the  first  sub-band. 

The  expression  for  S2D  in  Eq.  (3)  is  sensitive  to  the  materials  properties  of  the  quantum 
well,  and  B2D  is  given  by 


B2D  = 


2na 


kgT{rn^myyl^fix 

6/Cph 


(5) 


where  /i,  is  the  carrier  mobility  for  current  flow  in  the  x  direction  and  /Cph  is  the  phonon 
contribution  to  the  thermal  conductivity.  The  results  for  Z2D  in  a  quantum  well  are  to  be 
contrasted  to  the  corresponding  3D  results  [8,14]: 


Z30T  = 


(6) 


where  Bsd  in  Eq.  (6)  is  given  by 


2kBT\^^^  fc|r(m,mj,m,)'/^/i, 

h  j  e/Cph 


(7) 


In  the  simple  2D  model  [Eqs.  (3)  and  (5)],  the  phonon  contribution  to  the  thermal  conduc¬ 
tivity  Kph  is  conservatively  approximated  using  3D  experimental  data  for  Kph  for  the  phonon 
mean  free  path  I  >  a,  and  using  i  =  a  for  quantum  well  widths  less  than  a. 

The  expressions  for  Zsb  and  Z2D  both  depend  on  the  electrochemical  potential  and 
therefore  on  the  carrier  concentration,  which  can  be  controlled  experimentally  to  achieve  the 
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maximum  ZT  for  each  thermoelectric  materia!  at  the  desired  temperature  of  operation,  and 
at  the  desired  quantum  well  thickness  (with  large  a  yielding  the  3D  limit).  The  quantities 
Bsd  and  are  particularly  sensitive  to  the  electronic  structure  and  to  the  sample  quality 
of  each  thermoelectric  material,  and  it  is  readily  seen  that  a  high  carrier  mobility  in  the 
direction  of  current  flow  is  desirable,  as  is  a  high  density  of  states.  Equations  (3)  and  (5) 
indicate  that  by  going  to  small  quantum  well  widths  a,  enhanced  Z2D  should  be  possible.  In 
the  next  section,  we  review  the  observation  of  enhanced  Z2D  in  rr-type  PbTe  quantum  wells. 

EXPERIMENTAL  PROOF-OF-PRINCIPLE 

PbTe  was  chosen  as  the  materials  system  for  demonstrating  proof-of-principle  of  enhanced 
ZT  in  quantum  wells  because  of  its  desirable  thermoelectric  and  materials  science  properties. 
Regarding  its  thermoelectric  properties,  PbTe  has  a  reasonably  high  room  temperature  ZT 
in  bulk  form  [ZT  ~  0.4),  reflecting  the  high  carrier  mobility,  multiple  anisotropic  carrier 
pockets,  and  low  thermal  conductivity  that  can  be  achieved  under  isoelectronic  alloying.  In 
addition,  calculations  indicate  that  carrier  confinement  and  enhanced  ZT  could  be  achieved 
for  quantum  well  widths  <  40  A  [16j.  It  was  also  known  that  high  mobility  quantum  well 
superlattices  could  be  prepared  with  PbTe  as  the  quantum  well  material  and  Pbi_iEu,Te 
as  the  barrier  material  [17,18],  with  well  controlled  and  stable  interfaces,  using  epitaxial 
growth  techniques  such  as  molecular  beam  epitaxy.  Good  lattice  matching  and  similar  ther¬ 
mal  expansion  coefficients  across  the  interfaces  permitted  the  preparation  of  PbTe/PbEuTe 
superlattices  with  ~40  superlattice  periods  [19].  Experiments  by  Harman  [20]  indicated 
that  Bi  could  be  introduced  into  the  Pbo.927Euo.o73Te  barrier  region,  yielding  quantum  wells 
with  >  10'®  electrons/cm®  within  the  quantum  well,  with  only  a  small  reduction  in  the 
measured  Hall  mobility  (from  1600  cm®/Vs  in  3D  films  to  1400  cm®/Vs  in  a  2D  quantum 
weU  superlattice  sample  for  x  =  0.073,  where  p  =  45  cm®/Vs  in  a  thick  film  having  the  same 
composition  as  the  barrier  region)  [20].  Calculations  by  Hicks  [14]  corroborated  that  quan¬ 
tum  confinement  could  be  achieved  for  x  =  0.073,  where  the  band  offsets  for  the  conduction 
and  valence  bands  were  calculated  to  be  171  meV  and  140  meV,  respectively,  for  a  band  gap 
of  630  meV  in  the  barrier  regions  and  319  meV  in  the  quantum  wells  at  300  K  [17]. 

Experimental  results  for  the  quantity  S^n  on  a  number  of  n-type  PbTe  quantum  wells 
for  a  variety  of  quantum  well  widths  from  17  A  to  55  A  are  given  as  points  in  Fig.  2(a)  as  a 
function  of  quantum  well  width  (thickness),  and  in  Fig.  2(b)  as  a  function  of  doping  levels 
(as  determined  from  Hall  effect  measurements).  Using  the  value  for  the  carrier  mobility 
H  =  1400  cm®/Vs,  an  estimate  of  the  power  factor  S^a  can  be  obtained.  The  solid  curves 
in  Figs.  2(a)  and  (b)  are  obtained  with  no  adjustable  parameters  using  the  envelope  func¬ 
tion  approximation  to  calculate  the  bound  states  and  using  literature  values  for  the  band 
parameters  and  other  physical  properties  of  PbTe  [17j.  Enhancement  in  the  power  factor 
in  the  2D  PbTe  quantum  wells  by  a  factor  of  3-4  over  3D  bulk  values  has  been  obtained 
in  n-type  PbTe.  The  experimental  data  in  Fig.  2  clearly  shows  that  a  greater  enhancement 
in  ZT  is  achieved  with  decreasing  quantum  well  widths,  at  least  for  quantum  wells  down 
to  20  A.  The  bound  states  in  the  quantum  wells  that  were  used  to  calculate  the  curves  in 
Fig.  2  were  all  obtained  by  applying  the  general  theoretical  model  described  in  the  previous 
section  to  the  specific  material  PbTe,  using  literature  values  for  the  parameters  for  the  2D 
electronic  band  structure  for  PbTe  quantum  wells  [16].  Proof-of-principle  for  enhanced  ZT 
in  2D  quantum  wells  is  provided  by  the  good  fit  of  the  experimental  points  to  the  calculated 
curves  in  Fig.  2.  Further  corroboration  is  provided  by  the  good  agreement  between  the 
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Figure  2:  (a)  S^n  results  for  7i-type  (Bi-doped)  PbTe/Pbo.927Euo.o73Te  MQWs  (full  circles) 
as  a  function  of  quantum  well  thickness  a  at  300  K.  For  comparison,  the  best  experimental 
bulk  PbTe  value  for  S^n  is  also  shown.  Calculated  results  for  optimum  doping  are  shown  as 
a  solid  line,  (b)  S^n  results  for  the  same  PbTe/Pbo.927Euo.o73Te  MQW  sample  (fuU  circles) 
as  a  function  of  carrier  density  n  at  300  K.  Calculated  results  for  different  indicated  well 
thicknesses  are  shown  as  solid  curves  [16]. 


infrared  transmission  measurements  and  the  calculated  bound  state  energies  [16].  From  the 
solid  curves  in  Fig.  2(b),  the  optimum  carrier  concentration  as  a  function  of  quantum  well 
thickness  can  be  inferred.  The  results  show  that  higher  doping  concentrations  are  needed 
with  decreasing  quantum  well  width  a.  Because  of  the  solubility  limit  that  was  encoun¬ 
tered  experimentally  for  the  Bi  dopant  in  the  barrier  material  Pbi-^EUiTe  (x  =  0.073),  it 
is  believed  that  further  increases  in  S^n  might  be  possible  at  higher  electron  carrier  concen¬ 
trations,  once  the  materials  science  problem  regarding  dopant  solubility  can  be  solved.  As 
discussed  below,  the  best  room  temperature  values  that  were  obtained  for  the  7i-type  PbTe 
quantum  wells  is  a  power  factor  of  130  /tW/cmK^  and  a  thermoelectric  figure  of  merit  of 
Z^dT  =  1.2. 

ADVANTAGES  OF  QUANTUM  WELLS  FOR  ACHIEVING  HIGH  ZT 

Having  demonstrated  enhancement  of  ZT  in  quantum  wells  of  a  specific  material,  we  would 
now  like  to  review  the  advantages  of  2D  quantum  wells  over  bulk  materials  from  a  more 
general  vantage  point,  in  the  hope  of  identifying  other  materials  systems  that  might  be  even 
more  favorable  than  PbTe  for  low  dimensional  thermoelectric  applications.  Calculations 
carried  out  on  other  materials  suggest  that  Si/Sii-iGe,,,  Bii_j,Sbj,,  Bi2(i_*)Sb2a,Te3(i_,,)Se3j,, 
and  p-type  PbTe  are  all  favorable  quantum  well  materials  for  enhanced  2D  thermoelectric 
performance.  Our  theoretical  model  suggests  that  if  a  material  is  a  good  thermoelectric  in 
3D,  it  should  be  even  better  in  2D  and  ID. 

Quantum  confinement  associated  with  a  quantum  well  system  is  expected  to  give  rise 
to  an  increase  in  the  magnitude  of  the  Seebeck  coefficient  |5|  for  the  same  carrier  density, 
with  the  increased  |5|  arising  from  an  increase  in  the  density  of  electron  states  at  the  Fermi 
level  for  the  2D  electron  gas.  Experimental  evidence  (Fig.  3)  for  the  enhancement  of  |5| 
for  n-type  PbTe  quantum  wells  shows  a  significant  enhancement  in  |5|  for  quantum  wells  of 
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Carrier  Concentration  (cm*) 


Figure  3:  Dependence  of  the  room  temperature  Secbeck  coefficient  S  on  carrier  concentration 
in  7i-type  PbTe  for  bulk  samples  (full  circles)  and  quantum  wells  with  widths  of  40  A  (open 
squares)  and  20  A  (full  triangles)  [20].  For  n-type  semiconductors,  S  is  negative  so  that  S 
decreases  in  magnitude  for  increasing  carrier  concentration  n. 

20  A  well  widths,  while  the  larger  40  A  n-type  PbTe  quantum  wells  show  about  the  same 
|5|  as  bulk  samples  of  the  same  carrier  concentrations  (see  also  Fig.  2). 

The  theoretical  analysis  given  above  shows  that  increased  carrier  mobility  leads  to  higher 
ZT  values  in  aU  cases  (3D,  2D  and  ID).  Experimentally,  enhancement  in  the  carrier  mobility 
relative  to  bulk  values  can  be  achieved  using  the  attributes  of  low  dimensional  systems, 
including  quantum  confinement,  modulation  doping  and  ^-doping  techniques.  In  this  way 
the  dopants  can  be  introduced  into  the  barrier  regions,  far  from  the  quantum  wells  where  the 
carriers  are  located,  thereby  greatly  reducing  the  carrier  scattering  by  the  impurity  dopant 
ions  that  are  responsible  for  the  carrier  generation.  This  advantage  of  2D  systems  should 
be  of  particular  importance  at  low  temperature  where  electron-phonon  scattering  is  less 
important  and  impurity  scattering  tends  to  dominate,  thereby  increasing  the  possibility  for 
preparing  a  viable  low  temperature  thermoelectric  material. 

A  third  advantage  of  the  2D  aspects  of  quantum  wells  is  the  exploitation  of  the  anisotropy 
of  the  constant  energy  surfaces  of  typical  multivaUeyed  semiconductors.  For  3D  systems, 
the  fc-space  anisotropic  effects  of  the  various  ellipsoidal  carrier  pockets  tend  to  cancel  when 
summing  over  the  contributions  from  all  the  ellipsoids  to  the  transport  properties  of  a 
multivaUeyed  cubic  semiconductor  such  as  PbTe  or  Si.  However,  the  symmetry-lowering 
introduced  by  the  quantum  weU  superlattice  periodicity  aUows  the  possibility  of  better 
exploiting  the  anisotropy  of  the  individual  eUipsoidal  carrier  pockets.  This  is  iUustrated 
in  Fig.  4  where  the  power  factor  S^cr  for  bulk  n-type  PbTe  is  plotted  vs  T,  in  comparison  to 
S^cr  for  2D  quantum  wells.  In  this  figure  we  consider  two  hypothetical  extreme  cases  (shown 
as  thin  lines)  to  iUustrate  anisotropy  effects  in  2D  quantum  well  systems.  In  the  first  case, 
aU  four  carrier  pockets  of  PbTe  are  aligned  in  such  a  way  that  the  longitudinal  axes  of  the 
four  pockets  are  all  perpendicular  to  the  quantum  well  layers.  This  configuration  gives  the 
lowest  S^cr  value  because  there  is  no  mass  anisotropy  in  the  2D  layers.  In  the  second  case, 
;he  longitudinal  axes  for  all  four  ellipsoidal  carrier  pockets  are  taken  to  be  in  the  plane  of 
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Figure  4:  Plot  of  the  power  factor  S^cr  vs  T  for  bulk  3D  n-type  PbTe,  and  the  corresponding 
results  for  2D  quantum  wells,  showing  the  effect  of  the  Fermi  surface  anisotropy  on  the  power 
factor  for  2D  quantum  well  systems  (see  text).  The  inset  shows  S^tr  vs  T  for  3D  PbTe  on  a 
magnified  scale. 


the  quantum  well,  thereby  maximizing  the  contribution  of  the  factor  to  Bjd  in 

Eq.  (5).  A  more  realistic  picture  is  obtained  in  the  thick  curve  labeled  2D  in  Fig.  4,  where 
the  contributions  from  the  four  carrier  pockets  (which  are  equivalent  in  3D  but  not  in  2D) 
are  projected  in  the  (111)  direction  to  give  one  circular  pocket  and  three  eUiptical  constant 
energy  surfaces  in  2D.  The  measured  temperature  dependences  of  the  carrier  mobility  in  2D 
and  3D  are  used,  as  indicated.  It  is  clear  from  this  figure  that  the  thermoelectric  properties 
of  (111)  PbTe  multiple  quantum  wells  are  dominated  by  the  three  elliptical  carrier  pockets 
which  have  the  higher  density  of  states  masses.  From  these  arguments  we  conclude  that 
semiconductors  with  favorable  low  dimensioned  thermoelectric  properties  should  have  (1)  a 
large  number  of  equivalent  carrier  pockets,  (2)  highly  anisotropic  constant  energy  surfaces, 
(3)  high  carrier  mobilities,  and  (4)  the  superlattice  growth  direction  selected  to  maximize 
the  effect  of  the  anisotropic  Fermi  surface. 

A  number  of  experimental  and  theoreticcJ  studies  have  been  carried  out  to  show  that 
the  quantum  well/barrier  interfaces  can  significantly  increase  the  phonon-phonon  scattering 
without  increasing  the  electron  scattering  very  much  because  of  the  different  length  scales 
that  are  involved  in  these  scattering  processes.  Because  of  the  increased  phonon  scattering 
at  the  quantum  well  interfaces,  it  is  likely  that  the  Z2dT  values  given  in  this  paper  represent 
conservative  estimates. 

Isoelectronic  alloying,  which  is  commonly  used  in  3D  thermoelectric  systems,  can  also 
be  used  effectively  in  quantum  well  superlattices,  both  in  the  quantum  well  regions  and  in 
the  barrier  regions.  In  addition,  ^-doping  with  carbon  or  with  SiC  [Eg  =  2.9  eV)  within  the 
Sii_j,Gej,  barrier  region  of  a  Si/Sii-iGoj.  superlattice  could  be  used  to  effectively  increase 
the  band  gap  within  the  barrier  region,  so  that  smaller  barrier  widths  would  be  needed  for 
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quantum  confinement  [21].  The  i-doping  approach  thus  leads  to  reduced  k  for  the  super- 
lattice  thermoelectric  material  due  to  both  a  reduction  in  the  barrier  widths  and  increased 
phonon  scattering  at  the  SiC  interfaces  within  the  barrier  region. 

In  addition  to  the  advantages  of  2D  quantum  well  thermoelectrics  mentioned  in  this 
section,  there  are  a  variety  of  temperature-dependent  effects  where  quantum  wells  offer 
additional  advantages,  as  discussed  in  the  next  section. 

TEMPERATURE  DEPENDENCE 

Since  all  of  the  transport  properties  (e.g.,  S,  a,  k)  have  different  temperature  dependences 
in  2D  and  3D,  differences  in  the  temperature  dependence  of  ZT  are  expected.  For  typical 
thermoelectric  materials,  ZT  tends  to  increase  with  increasing  temperature  in  the  extrinsic 
carrier  density  range,  but  once  temperatures  are  reached  where  thermal  carrier  generation 
becomes  significant,  the  approximate  cancellation  between  the  thermally  excited  electron 
and  hole  carrier  contributions  to  the  Seebeck  coefficient  S  leads  to  a  reduction  in  ZT  as  a 
function  of  temperature.  Thus  (ZT)^^^  occurs  at  higher  temperatures  for  wider  gap  (Eg) 
semiconductors,  since  intrinsic  carrier  excitation  begins  to  occur  at  higher  T  as  Eg  increases. 
Bulk  materials  exhibiting  an  increase  in  Eg  with  increasing  T  (such  as  PbTe)  will  tend  to 
push  (ZT)mtx  to  higher  temperatures,  thereby  increasing  the  maximum  value  of  ZT  that  can 
be  reached.  On  the  other  hand,  materials  (such  as  Si),  where  Eg  decreases  with  increasing 
T,  the  opposite  effect  is  expected. 

In  addition  to  the  temperature-dependent  effects  described  above  which  apply  to  both 
3D  and  2D  systems,  the  presence  of  bound  states  in  2D  quantum  wells  increases  the  effective 
band  gap  to  significantly  higher  energies,  thereby  significantly  increasing  the  temperature 
where  {ZT)rc.„r  occurs,  and  at  the  same  time  increasing  the  magnitude  reached  by  (ZT)m,x- 
Thus,  the  physics  of  quantum  wells  favors  high  temperature  thermoelectric  applications  rela¬ 
tive  to  that  of  the  bulk  material.  However,  thermal  diffusion  across  the  quantum  well-barrier 
interfaces  wiU  become  important  with  increasing  T  and  this  effect  will  limit  the  temperature 
range  where  quantum  wells  can  be  used  for  practical  thermoelectric  applications. 

Quantum  well  thermoelectrics  are  also  of  particular  interest  for  low  temperature  applica¬ 
tions,  where  there  are  presently  no  thermoelectrics  with  high  ZT  values,  though  there  could 
be  a  real  need  for  such  materials  for  the  cooling  of  high  T^  superconducting  devices.  The 
reduction  in  carrier-impurity  scattering  associated  with  modulation  doping  and  ^-doping 
could  be  of  particular  importance  at  low  temperature  for  2D  thermoelectrics,  for  which 
the  carrier  concentrations  necessary  to  achieve  the  optimum  doping  condition  tend  to  be 
very  high.  Since  the  interface  scattering  cross-section  for  phonons  would  be  expected  to  be 
temperature  independent,  this  scattering  mechanism  could  be  especially  important  at  low 
temperature  where  the  phonon  density  is  not  so  high. 

Figure  5  shows  a  model  calculation  for  the  temperature  dependence  of  Z^T  that  was 
made  on  our  best  n-type  PbTe  quantum  well  sample  using  temperature-dependent  band 
parameters  found  in  the  literature  [22]  and  room  temperature  measurements  made  on  this 
sample  [16].  The  empirical  temperature  dependence  of  the  electrical  conductivity  a  —  2.2  x 
10®T'“^n“'cm“'  was  used  in  the  calculation.  The  bulk  lattice  thermal  conductivity  rtph  was 
estimated  from  literature  data  and  the  electronic  thermal  conductivity  k,  was  estimated 
from  <T  using  the  Wiedemann-Franz  law.  The  results  thus  obtained  indicate  that  Z2dT  ~  2 
just  above  400  K,  with  further  increases  in  Z^dT  expected  at  higher  temperatures.  It  should 
be  noted  that  non-parabolic  effects,  which  are  not  taken  into  account  in  our  present  model. 
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Figure  5:  Theoretical  estimation  of  Z2dT  as  a  function  of  T  for  our  best  n-type  PbTe  quan¬ 
tum  well  sample.  The  calculation  is  based  on  a  two  band  model  which  includes  temperature 
dependent  longitudinal  and  oblique  bound  states  [16]. 


tend  to  give  further  enhancement  for  S  at  elevated  temperatures.  We  therefore  feel  that  the 
theoretical  estimation  for  Z2uT  in  Fig.  5  is  conservative. 

BISMUTH  AS  A  LOW  DIMENSIONAL  THERMOELECTRIC 

Bismuth  is  a  very  attractive  material  for  low  dimensional  thermoelectricity  because  of  the 
large  anisotropy  of  the  three  ellipsoidal  constant  energy  surfaces  for  electrons  at  the  L  point 
in  the  rhombohedral  BriUouin  zone  (m*  =  0.00651too,  mj  =  1.3627no,  m*  =  0.00993mo), 
and  the  high  mobility  of  the  carriers  =  3.5  X  10''  cm^/Vs  for  light  mass  electrons  in  the 
binary  direction  with  a  carrier  density  2  X  10'®/cm*  at  300  K)  [23-25].  As  the  quantum 
well  width  decreases,  the  lowest  bound  state  in  the  conduction  band  rises  above  the  highest 
bound  state  in  the  valence  band,  inducing  a  semimetal-semiconductor  transition.  If  the  2D 
bismuth  system  is  then  doped  to  the  optimum  doping  level,  a  large  enhancement  in  Z2bT 
is  predicted  (see  Fig.  6)  with  decreasing  quantum  well  width  [15].  Of  particular  interest  is 
the  observation  that  the  Z2\iT  enhancement  is  large  for  quite  large  quantum  well  widths. 
For  example.  Fig.  6  predicts  a  Z2T)T  ~  4  at  room  temperature  for  a  50  A  Bi  quantum  well. 
Such  quantum  well  widths  should  be  achievable  experimentally,  if  one  could  only  identify  a 
suitable  barrier  material. 

Bismuth  can  be  alloyed  isoelectronically  with  antimony  to  yield  a  high  mobility  and 
highly  desirable  thermoelectric  properties.  From  what  is  known  about  the  bismuth-antimony 
phase  diagram  (Fig.  7),  it  should  be  possible  to  prepare  both  ra-type  and  p-type  Bii_j,Sba, 
quantum  weUs  for  x  in  the  range  0.09  <  x  <  0.17.  In  this  narrow  composition  range,  the 
lowest  conduction  band  and  the  highest  valence  band  are  both  at  the  L  point  in  the  BriUouin 
zone,  and  both  bands  have  very  similar  highly  anisotropic  constant  energy  surfaces  giving 
rise  to  high  mobility  carriers. 

Bismuth  and  Bii_j,Sbj,  are  highly  desirable  low  dimensional  thermoelectric  because  of 
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a(^) 

Figure  6:  Dependence  of  Z2vT  on  quantum  well  width  for  a  Bi  well  in  the  highest  mobility 
(binary)  direction  [15]. 

their  large  Fermi  surface  anisotropy,  high  mobility  carriers,  very  long  electron  mean  free 
paths,  heavy  mass  ions  to  effectively  scatter  phonons  and  yield  low  phonon  mean  free  paths, 
and  opportunities  to  achieve  Z2dT  enhancement  for  both  n-type  and  p-type  doping.  Bi  and 
Bii_,jSbi,  however,  have  a  serious  deficiency  for  2D  quantum  well  applications  because  of 
the  unavailability  until  the  present  time  of  a  suitable  barrier  material. 

CONCLUSIONS 

At  present,  Z20T  ~  1.2  has  been  achieved  in  n-type  PbTe  quantum  wells  at  room  tem¬ 
perature,  and  values  of  Z20T  >  2  are  expected  at  higher  temperatures.  It  is  likely  that 
high  Z20T  values  will  soon  be  demonstrated  in  other  quantum  well  systems.  Quantum  well 
systems  offer  advantages  both  for  low  temperature  and  high  temperature  thermoelectric 
performance.  However,  the  utilization  of  quantum  wells  in  a  real  thermoelectric  material 
will  require  much  effort  to  reduce  the  barrier  widths  and  the  thermal  conductivity,  and  to 
develop  suitable  barrier  materials  for  the  most  promising  2D  thermoelectrics.  Because  of 
the  many  trade-off  constraints  that  govern  thermoelectric  performance,  model  calculations 
are  especially  valuable  for  optimizing  the  superlattice  and  materials  parameters  to  maximize 
Z2V1T . 

ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  T.  C.  Harman,  P.  C.  Eklund,  and  Gang  Chen  for 
valuable  discussions.  The  authors  gratefully  acknowledge  support  by  the  US  Navy  under 
Contract  No.  N00167-92-K-0052  (MIT),  and  AFOSR  under  URI  (UCLA).  Support  from  the 


64 


Figure  7;  Bi  -  Sb  phase  diagram  and  the  implied  electronic  structure.  The  region  of  the 
semiconducting  alloys  is  cross  hatched  [26,27]. 
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ABSTRACT 

We  have  measured  the  thermoelectric  power  (TEP)  of  MBE-grown  epitaxial  Bi 
and  Bij.jSbx  alloy  thin  films  and  superlattices  as  a  function  of  temperature  in  the  range 
20-300  K.  We  have  observed  that  the  TEP  of  a  Bi  thin  film  of  1  pm  thickness  is  in  good 
agreement  with  the  bulk  single  crystal  value  and  that  the  TEPs  for  superlattices  with  400 
A  and  800  A  Bi  well  thicknesses  are  enhanced  over  the  bulk  values.  For  x=0.072  and 
0.088  in  Bij.xSbx  thin  films  showing  semiconducting  behavior,  TEP  enhancement  was 
observed  by  a  factor  of  two.  However  as  Bi  or  Bli.^Sb,  well  thickness  decreases  in 
superlattice  geometry,  the  TEP  decreases,  which  may  be  due  to  unintentional  p-type 
doping. 

INTRODUCTION 

Bi  and  Sb  are  semimetals  with  rhombohedral  structure  which  have  an  energy 
overlap  between  the  conduction  and  valence  bands.  In  bulk  Bi,  the  thermoelectric  figure 
of  merit  defined  by  ZT=(S^a/K)T  (where  S  is  the  thermoelectric  power  (TEP)  or  Seebeck 
coefficient,  cr  is  the  electrical  conductivity,  and  k  is  the  thermal  conductivity)  is 
suppressed  by  competing  electron  and  hole  contributions.  However,  Gallo  et  at  [1] 
pointed  out  quite  early  that  Bi,  which  has  a  low  bulk  ZT  of  0.4  at  300  K,  would  have  the 
largest  ambient-temperature  figure  of  merit  of  any  known  material  (ZT~1.8)  if  one  could 
somehow  eliminate  the  hole  population  from  the  system.  One  way  to  eliminate  the  hole 
population  is  to  grow  Bi  in  a  quantum  well  structure  and  remove  the  energy  overlap.  In  a 
recent  magneto-transport  investigation  of  MBE-grown  Bi  thin  films  on  CdTe  substrates 
[2,3]  we  have  observed  a  confinement-induced  semimetal  to  semiconductor  transition  in  a 
200  A  Bi  thin  film,  with  a  40  meV  positive  energy  gap.  More  recently,  Hicks  and 
coworkers  [4,5]  proposed  that  ZT  can  be  enhanced  considerably  in  Bi-based  superlattices. 
Even  though  several  subsequent  investigators  [6-10]  have  pointed  out  that  the  projection 
by  Hicks  et  al.  of  a  2D  ZT  larger  than  8  for  a  10  A  well  thickness  is  unrealistic,  there  is 
general  agreement  that  ZT  >1  may  be  attainable  in  semiconducting  Bi-based 
superlattices.  (Five-times  enhancement  of  S^n  was  reported  in  PbTe/Pbo927Teo.o73 
superlattice  system.  [1 1]) 

The  Bi-Sb  alloys  would  seem  to  be  more  promising  for  a  thermoelectric  cooler, 
firstly  because  they  can  have  a  positive  energy  gap,  resulting  in  a  large  TEP,  and 
secondly  because  the  lattice  thermal  conductivity  is  reduced  by  the  formation  of  a  solid 
solution.  Based  on  transport  studies,  Jain  [12]  showed  that  Bli.^Sb^  alloys  were 
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semiconducting  for  a  range  of  values  x>0.06.  Later  studies  by  Hcrcmans  et  al.  [13] 
suggest  the  band  structure  shown  in  Fig.  1.  At  x=0.07,  the  overlap  between  the 
conduction  band  at  the  L  point  and  the  valence  band  at  the  T  point  disappears  and  the 
material  loses  its  semimetallic  behavior  and  becomes  a  semiconductor.  For  0.07<x<0.15 
(0.15<x<0.22),  the  material  is  a  direct  (indirect)  gap  semiconductor.  Above  x>0.22,  the 
material  becomes  a  semimetal  again. 

In  this  paper,  we  discuss  an  experimental  investigation  of  the  temperature  and 
thickness  dependent  TEP  of  epitaxial  Bi  and  Bi|.,Sb,  thin  fdms  and  superlatticcs  grown 
on  CdTe  substrates.  Based  on  the  results  obtained,  we  will  discuss  the  further  work  that 
will  be  required  to  make  Bi-based  superlatticcs  attractive  for  thermoelectric  cooling 
devices. 


Fig.  1 .  Energy  band  structure 
of  Bi|.^Sb^  alloys  as  a 
function  of  Sb  concentration. 


EXPERIMENT 

The  growth  of  Bi  and  Bi|.,Sb,  thin  films  and  superlatticcs  on  semi-insulating 
(lll)B  CdTe  substrates  (0.7  %  lattice  mismatch)  by  molecular  beam  epitaxy  (MBE)  has 
been  described  in  detail  elsewhere  [2,3,14,15].  CdTe  is  a  semiconductor  with  a  large 
energy  gap  (1.5  eV)  and  a  low  lattice  thermal  conductivity  (0.06  W/cm-K),  which  are 
both  prerequisites  for  a  suitable  barrier  layer  in  superlattice  thermoelectric  cooling 
devices.  The  base  pressure  of  the  growth  chamber  was  mid- 10''"  Torr.  The  growth 
direction  of  the  Bi  film  on  (1 1 1)B  CdTe  is  parallel  to  the  trigonal  axis  of  Bi.  We  first 
deposited  a  3000  A  CdTe  buffer  layer  on  the  CdTe  substrate  at  250  “C.  follow'ed  by 
deposition  of  the  Bi  layer  at  a  rate  of  0.2-0.5  A/s.  Rates  were  monitored  by  a  quartz 
crystal  balance.  A  100  A  CdTe  cap  layer  was  grown  on  the  Bi  film  to  prevent  oxidation. 
Reflection  high-energy  electron  diffraction  (RHEED)  w'as  used  to  examine  the  specific 
surface  reconstruction  of  the  deposited  layers.  The  growlh  temperature  of  both  systems 
was  in  the  range  of  100-150  °C.  Alloy  compositions  were  determined  by  Inductively 
Coupled  Plasma  (ICP)  Spectroscopy. 

To  measure  the  TEP  [16],  we  u.sed  the  differential  method,  in  which  a  small 
temperature  difference  is  maintained  across  the  sample  to  produce  the  thermoelectric 
voltage:  AV=SVT+b(VT)  -r...,  where  b  is  a  constant.  In  this  experiment,  the  temperature 
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difference  was  restricted  to  the  range  of  0.1-1  °C,  in  order  to  assure  that  terms  higher  than 
second-order  in  VT  may  be  ignored.  To  eliminate  the  spurious  thermal  voltage  within  the 
circuit,  we  measured  the  thermoelectric  voltage  (in  the  steady  state)  for  small  incremental 
changes  in  the  temperature  differences.  The  thermoelectric  voltage  (AV)j  vs.  temperature 
difference  values  (VT),  were  plotted  and  from  the  slope  of  the  linear  region,  we  could 
determine  the  TEP.  To  measure  the  temperature  difference  across  the  sample,  we  used  a 
differential  Cu-constantan  thermocouple.  The  thermoelectric  voltage  was  measured  by 
using  thin  copper  leads  and  was  later  corrected  for  the  TEP  of  the  leads  to  obtain  the  final 
results. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  temperature  dependence  of  the  TEP  for  Bi  and  Bii.^Sb^  alloy 
thin  films  of  1  pm  thickness.  The  TEP  of  pure  Bi  is  seen  to  be  in  good  agreement  with  the 
previous  single  crystal  values  perpendicular  to  the  trigonal  axis  (open  boxes),  which 
implies  that  the  crystal  quality  of  Bi  film  is  comparable  to  the  bulk  single  crystal,  For 
x=0.072  and  0.088  in  Bii.^Sb^  thin  films,  TEP  enhancement  was  observed  by  a  factor  of 
two.  This  TEP  enhancement  may  be  indicative  of  the  band  structure  changes  occurring  as 
Sb  is  added.  In  a  magneto-transport  measurement  of  x=0.072  and  0.088  Bii.^Sb^  thin 
films,  the  energy  gap  was  determined:  31  meV  and  37  meV,  respectively.  These  values 
are  three  times  higher  than  those  of  bulk  material  (8~12  meV)  [12,17].  Higher  band  gaps 
were  observed  in  Bii.^Sb^  alloy  thin  films  grown  on  BaF2:  17  meV  for  x=0.087.  Strain 
was  suggested  as  the  cause.  [18] 


Fig,  2.  The  variation  of  the  TEP  as 
a  function  of  temperature  for  Bi  and 
Bi,.,Sb„thin  films  of  1  pm  thickness. 
For  comparison  the  bulk  Bi  single 
crystal  values  (perpendicular  to 
the  trigonal  axis  as  reported  by 
Gallo  et  al  [1]  in  the  range  of  100- 
300  K  and  by  Korenblit  et  al.  [19] 
3-80  K)  are  denoted  by  □. 


Figure  3  shows  the  results  of  temperature  dependent  TEP  measurements  on  a 
series  of  Bi/CdTe  superlattices.  TEP  values  in  the  (400  A/100  A)9  and  (800  A/100  A)5 
superlattices  are  slightly  enhanced  over  the  bulk  Bi  value  once  temperature  is  greater  than 
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200  K  and  170  K,  respectively.  At  300  K  the  TEPs  of  the  (400  A/100  A),  and  (800  A/100 
A);  superlattices  are  57.69  pV/K  and  56.78  pV/K,  respectively,  compared  to  the  bulk 
value  (perpendicular  to  the  trigonal  axis)  of  51.4  pV/K.  As  the  Bi  well  thickness 
decreases,  the  TEP  decreases. 

For  films  of  thickness  comparable  or  smaller  than  the  dc  Broglie  wavelength  of 
the  carriers,  the  quantum  size  effect  dominates  and  the  energy  spectrum  of  the  carriers  in 
size-quantized  films  breaks  up  into  subbands  which  influences  the  transport  properties.  In 
Bi  with  its  small  effective  mass  (-^0.064  mj  the  de  Broglie  wavelength  is  -1000  A.  The 
theoretical  calculations  in  the  form  of  thin  films  and  superlattices  in  the  quantum  size 
regime  predict  an  enhanced  value  of  the  TEP  as  the  well  thickness  decreases.  The  modest 
enhancement  of  the  TEP  at  temperatures  above  200  K  in  the  two  thickest-well 
superlattice  samples  over  the  1  pm  film  data  may  in  fact  reflect  the  effects  of  quantum 
confinement.  It  should  be  first  pointed  out  that  while  the  enhancement  is  small,  it  is 
nonetheless  larger  than  the  measurement  errors  in  the  present  experiment,  since  the  TEP 
determinations  do  not  require  any  knowledge  of  active-layer  thickness  or  other  quantities 
that  are  not  precisely  calibrated.  This  quantum  confinement  may  produce  a  small  decrease 
of  the  semimetallic  overlap  between  the  electron  and  hole  bands,  which  would  decrease 
the  thermally-generated  intrinsic  densities  and  increase  the  TEP  at  a  given  temperature. 


Fig.  3.  TEPs  of  Bi/CdTc 
supcrlattices  as  a  function  of 
temperature.  The  subscript  represents 
the  number  of  Bi  layers  and  the 
numbers  in  the  parenthesis  represent 
the  Bi  and  CdTe  barrier  thicknesses, 
respectively.  Bulk  Bi  single  crystal 
(perpendicular  to  the  trigonal  axis) 
values  were  denoted  by  □  for 
comparison. 
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Figure  4  shows  the  results  of  temperature  dependent  TEP  measurements  on  a 
series  of  BiQ  93Sbo  o7  /CdTe  supcrlattices.  TEP  values  of  supcrlattices  decreases  as  the 
well  thickness  decrea.ses. 

For  a  thermoelectric  material  containing  both  electrons  and  holes,  the  total  TEP 
may  be  described  with  the  relation:  S=(o^S^+apSp)/(a,-tap),  where  a,  and  Op  are  the 
electrical  conductivities  and  and  Sp  are  the  partial  TEPs  of  electrons  and  holes, 
respectively.  Previous  magneto-transport  measurements  [2,3]  on  a  series  of  ultrathin  Bi 
films  grown  on  CdTe  substrates  indicated  heavy  p-type  doping:  the  low  temperature  hole 
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concentrations  varied  as  p  =  pj+p/d  where  d  is  the  film  thickness,  Ps-8xl0'  cm  and 
PiOcT^^^,  and  the  electron  concentrations  followed  nocT^^e  where  Eg=0  for  d  >  300 
A  and  Eg>0  for  d  <  300  A.  Therefore,  the  heavily  p-type  carrier  concentration  dominates, 
and  the  total  TEP  polarity  becomes  increasingly  positive  with  decreasing  film  thickness 
and/or  decreasing  temperature.  This  behavior  was  observed  in  the  Bi/CdTe  superlattices. 


Fig.  4.  TEPs  of  Bio  93Sbo,o7/CdTe 
superlattices  as  a  function  of 
temperature. 
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For  the  thermoelectric  cooling  device  application  of  Bi-based  superlattices,  one 
needs  to  improve  the  carrier  mobility  (typically  in  the  order  of  10^  cm^/V-s  for  the 
superlattices)  to  increase  the  electrical  conductivity  and  also  prevent  the  unintentional  p- 
type  doping  to  optimize  the  TEP.  Current  work  is  directed  toward  improving  interface 
roughness  and  reducing  p-type  doping.  Te  modulation  doping  is  one  strategy  to  improve 
the  interface  roughness  and  counter-dope.  [20] 

CONCLUSIONS 

From  TEP  measurements  on  MBE  grown  Bi  and  Bii.^Sb,;  alloy  thin  films  and 
superlattices,  we  observe  that  TEP  of  a  Bi  thin  film  of  1  pm  thickness  is  in  good 
agreement  with  the  bulk  single  crystal  value  and  as  Sb  is  added  TEP  values  are  enhanced 
by  a  factor  of  two  which  confirms  the  semiconducting  behavior.  The  TEPs  for  Bi/CdTe 
superlattices  with  400  A  and  800  A  Bi  well  thicknesses  are  enhanced  over  the  bulk 
values.  However  as  the  Bi  and  Bii.^Sb,  well  thickness  in  superlattices  decreases,  the 
magnitude  of  the  TEP  decreases  due  to  unintentional  p-type  doping,  which  leads  to 
compensation  of  the  electron  contribution  and  a  positive  sign  for  the  TEP  under  some 
conditions.  Thus,  by  reducing  the  excess  hole  concentration  in  the  superlattices  we  may 
further  increase  the  TEP  value.  One  option  would  be  to  purposely  introduce  n-type 
impurities  into  the  CdTe  barrier  layer  so  as  to  modulation  dope  the  Bi,  thereby  allowing  a 
test  of  the  Gallo  et  al.  [1]  conjecture.  Consequently,  we  were  unable  to  confirm  the 
prediction  of  Hicks  et  al.,  but  the  results  are  encouraging.  Current  effort  is  concentrated 
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in  substantially  increasing  the  mobility.  All  this  suggests  that  practical  applications  of  Bi- 
based  superlattices  for  thermoelectric  cooling  devices  might  indeed  be  possible. 
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ABSTRACT 

Thin-film  superlattice  (SL)  structures  in  thermoelectric  materials  are  shown  to  be  a 
promising  approach  to  obtaining  an  enhanced  figure-of-merit,  ZT,  compared  to  conventional, 
state-of-the-art  bulk  alloyed  materials.  In  this  paper  we  describe  experimental  results  on 
Bi2Te3/Sb2Te3  and  Si/Ge  SL  structures,  relevant  to  thermoelectric  cooling  and  power 
conversion,  respectively.  The  short-period  Bi2TeySb2Tej  and  Si/Ge  SL  structures  appear  to 
indicate  reduced  thermal  conductivities  compared  to  alloys  of  these  materials.  From  the 
observed  behavior  of  thermal  conductivity  values  in  the  Bi2Te3/Sb2Te3  SL  structures,  a 
distinction  is  made  where  certain  types  of  periodic  structures  may  correspond  to  an  ordered  alloy 
rather  than  an  SL,  and  therefore,  do  not  offer  a  significant  reduction  in  thermal  conductivity 
values.  Our  study  also  indicates  that  SL  structures,  with  little  or  weak  quantum-confinement,  also 
offer  an  improvement  in  thermoelectric  power  factor  over  conventional  alloys.  We  present 
power  factor  and  electrical  transport  data  in  the  plane  of  the  SL  interfaces  to  provide  preliminary 
support  for  our  arguments  on  reduced  alloy  scattering  and  impurity  scattering  in  Bi2Te3/Sb2Te3 
and  Si/Ge  SL  structures.  These  results,  though  tentative  due  to  the  possible  role  of  the  substrate 
and  the  developmental  nature  of  the  3-(0  method  used  to  determine  thermal  conductivity  values, 
suggest  that  the  short-period  SL  structures  potentially  offer  factorial  improvements  in  the  three- 
dimensional  figure-of-merit  (ZT313)  compared  to  current  state-of-the-art  bulk  alloys.  An  approach 
to  a  thin-film  thermoelectric  device  called  a  Bipolarity-Assembled,  Series-Inter-Connected  Thin- 
Film  Thermoelectric  Device  (BASIC-TFTD)  is  introduced  to  take  advantage  of  these  thin-film 
SL  structures. 

INTRODUCTION 

High-efficiency  thermoelectric  materials  are  key  to  efficient  solid-state  refrigeration, 
cooling  of  electronic  components  such  as  high-density,  high-power  integrated  circuits, 
superconducting  devices,  infra-red  detectors  etc.  and  for  thermoelectric  power  conversion.  The 
performance  of  a  thermoelectric  device  at  an  absolute  temperature  T  is  related  to  ZT,  given  by  the 
expression  (a2(j/K)T,  where  a  is  the  Seebeck  coefficient,  cr  is  the  electrical  conductivity,  and  K 
is  the  sum-total  of  lattice  and  electronic  components  of  thermal  conductivity,  (a^cr)  is  also 
referred  to  as  the  power  factor.  Currently,  several  approaches  are  being  investigated,  including 
novel  bulk  materials  such  as  skutterudites  [1],  thin-film  quantum-wells  [2,3],  and  superlattices 
[4]  to  increase  ZT  across  various  temperature  regimes.  Some  of  the  early  results  with  these 
efforts  have  been  reviewed  recently  [5].  In  this  paper,  we  present  our  experimental  results 
describing  the  thermoelectric  properties  of  thin-film  SL  structures  in  the  Bi2Te3/Sb2Te3  and 
Si/Ge  material  systems. 

WHY  SL  STRUCTURES  WITH  WEAK  OR  NO  QUANTUM-CONFINEMENT? 

Recent  research  on  thin-film  thermoelectric  materials  have  pursued  two  approaches.  One 
involves  the  use  of  quantum-wells,  as  in  the  n-type  PbTe/PbEuTe  system  [3],  where  the  electrons 
in  a  10  to  20A  PbTe  quantum-well  are  confined  in  two-dimensions  by  a  400-to-500A  thick 
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PbEuTe  layer.  The  PbEuTe  layer  providc.s  nearly  a  200  meV  potential  barrier  in  the  conduction 
band  to  obtain  the  quantum-confinement  of  electrons.  With  this  approach,  the  carrier  and  heal 
transport  (in  a  thermoelectric  device)  arc  expected  to  be  in  a  direction  parallel  to  the  quanUnn- 
well  interfaces.  Here  the  parasitic  thermal  transport  through  the  barrier,  which  is  typically  much 
thicker  relative  to  the  quantum-well,  can  degrade  the  overall  ZT  of  the  composite,  quantum-well 
plus  barrier  structure  [6]. 

At  RTI,  we  have  pursued  [7]  an  entirely  different  approach  to  the  development  of 
engineered,  low-dimensional,  structured  thermoelectric  materials.  Our  approach  involves  the  use 
of  short-period  SL  structures,  with  negligible  quantum-confinement,  for  the  redaction  of  lattice 
thermal  conductivity  resulting  from  the  various  phonon  scattering  mechanisms  unique  to  periodic 
structures.  First  of  all,  the  vibrational  discontinuities  at  an  SL  interface  can  enhance  phonon 
scattering  rates.  Both  the  bond  energies  and  elastic  constants  arc  usually  different  for  the 
constituents  of  the  SL  system,  for  example,  the  lighter  mass  of  Sb  compared  to  Bi  (in  a 
Bi2Te3/Sb2Te3  SL)  would  imply  that  comparable  phonon  modes  would  have  a  higher  frequency 
in  Sb2Te3.  Reduction  in  phonon  group  velocities  as  a  result  of  possible  gaps  in  the  phonon 
frequency  spectrum  in  a  periodic  SL  .structure  can  reduce  thermal  conductivity  in  SL  structures. 
In  an  SL,  compared  to  a  continuous  and  uniform-composition  alloy,  the  minimum  phonon 
energies  required  to  produce  Umklapp  scattering  processes  (momentum-destroying  scattering 
processes)  are  reduced  relative  to  those  of  an  alloy.  In  addition,  phonon-wave  reflection  (as  in 
optical  etalons)  has  been  observed  at  SL  interfaces,  where  selective  reflection  of  phonons  occurs 
when  the  phonon  wavelength  fulfills  the  Bragg  condition  |8]. 

We  had  initially  predicted  using  a  simple  boundary-scattering  model  for  phonon 
scattering  by  SL  interfaces  [7]  and  later  demonstrated  experimentally  that  the  Bi2Tc3/Sb2Tc3  SL 
structures  [4]  and,  more  recently  in  collaboration  with  Cahill  of  University  of  Illinois,  the  Si/Gc 
SL  structures  [9]  indicate  thermal  conductivity  values  below  that  of  their  corresponding  solid- 
solution  alloys.  In  contrast  to  the  quantum-well  structures,  when  the  SL  structures  arc  used 
predominantly  for  thermal  conductivity  reduction,  the  carrier  and  heat  transport  would  be 
perpendicular  to  the  SL  interfaces  in  a  thermoelectric  device.  From  the  standpoint  of  making 
practical  thermoelectric  devices  using  thin-films,  the  choice  of  making  carrier  transport  (and  the 
heat  transport)  perpendicular  to  the  SL  interfaces,  and  therefore  along  the  growth  direction  of  the 
thin-films,  appears  to  offer  engineering  advantages  [10],  If  .so,  we  need  to  consider  the  efficiency 
of  electrical  transport  perpendicular  to  the  SL  interfaces. 

Shown  in  Figure  1  arc  the  .schematics  of  ideal,  hctcrostructurc  band  diagrams  in  the  two 
SL  material  systems,  Bi2Te3/Sb2Tc3  and  Si/Gc,  discussed  in  this  paper.  In  Fig.  1(a),  using 
reported  bandgaps  of  Bi2Te3  and  Sb2Te3  and  assuming  that  the  small  bandgap  difference  of  0.07 
eV  gets  equally  divided  between  a  conduction-band  and  a  valence-band  offset,  we  observe  that 
the  potential  barrier  for  carrier  transport  perpendicular  to  the  SL  interfaces  should  be  -0.035  cV. 
Also,  the  thickness  of  the  Sb2Te3  layer  (with  the  larger  bandgap)  in  the  SL  is  made  comparable 
to  that  of  the  Bi2Tc3  layer.  The  small  barrier  plus  the  comparable  thickness  of  the  two  SL 
component  layers  would  lead  to  negligible  quantum-confinement  effects.  For  a  potential 
thermoelectric  cooling  device  using  such  a  SL  material  system  and  operating  near  300K,  the 
-0.035  eV  barrier  for  carrier  transport  perpendicular  to  the  SL  interfaces  would  be  comparable  to 
the  average  thermal  energy  of  carriers.  This  barrier  can  be  reduced  further  by  optimized  doping 
of  the  individual  Bi2Te3  and  Sb2Tc3  layers,  if  necessary,  for  the  overall  optimization  of  the 
power  factor  perpendicular  to  SL  interfaces.  In  fact,  the  small  barrier  could  potentially  act  as  an 
energy-filter  for  the  “less-efficient”,  low-energy  (with  respect  to  the  band-edges)  carriers  for 
improved  thermo-electric  energy  tran.sport  [11],  Thus,  we  believe,  efficient  power  factors  arc 
achievable  with  current  and  heat  transport  perpendicular  to  the  Bi2Te3/Sb2Te3  SL  interfaces. 
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The  measured  through-thickness  current-voltage  (TV)  characteristic  of  a  150-period,  p- 
type  Bi2Te3/Sb2Te3  SL  at  BOOK  is  shown  in  Figure  2.  This  SL  structure  is  similar  to  a  BOA/BOA 
Bi2Te3/Sb2Te3  SL  with  a  low  measured  thermal  conductivity  discussed  in  a  subsequent  section. 
We  note  the  linearity  of  the  I-V  characteristic  near  zero-bias  and  at  high  current  density  levels  of 
as  much  as  20  Amps/cm^.  This  suggests  no  effect  of  any  significant  potential  barrier,  if  present, 
to  hole  transport  across  the  Bi2Te3  and  Sb2Te3  SL  interfaces. 

Fig.  1(b)  shows  an  ideal  heterostructure  band  diagram  for  the  n-type  Si/Ge  SL,  based  on 
the  known  bandgaps  of  Si  and  Ge  and  the  anticipated  conduction  band  offset  in  this  material 
system  [12].  Here  again,  the  thickness  of  the  Si  and  Ge  layers  in  the  SL  are  similar,  thus 
reducing  effective  quantum-confinement  effects  in  the  Ge  layer.  In  the  n-type  Si/Ge  SL,  the 
potential  barrier  for  carrier  transport  perpendicular  to  the  SL  interfaces  should  be  less  than  0. 1  eV 
at  BOOK.  As  noted  above,  the  effective  barrier  to  carrier  transport  perpendicular  to  the  SL 
interfaces  can  be  further  reduced  through  optimized  doping  levels  in  the  Si  and  Ge  layers,  for  the 
overall  optimization  of  power  factor.  We  also  observe  that  this  barrier  would  become  comparable 
to  the  average  thermal  energy  of  carriers  at  elevated  temperatures  such  as  600K,  as  in  a  power 
generation  device. 


_ ^  CURRENT  AND 

HEAT  TRANSPORT 


I*-  Si  ►I'*-  Ce-»j-«-  SI 


Figure  1.  Ideal  band-diagram  of  a)  a  p-type  Bi2Te3/Sb2Te3  SL  b)  an  n-type  Si/Ge  SL 
(a)  (b) 


Figure  2.  a)  P-type,  Bi2Te3/Sb2Te3  SL  structure  with  low-resistivity  contacts  on  top  of  SL 
structure  and  substrate  b)  I-V  data  between  the  top  and  bottom  contacts  (H:  0.1  Volt,  V:0.2  A) 
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In  essence,  we  note  that  SL  structures  with  negligible  or  weak  confinement  are  chosen  to 
allow  efficient  carrier  transport  perpendicular  to  the  SL  interfaces.  Doing  so,  we  can  take 
advantage  of  the  potential  strong  reduction  in  lattice  thermal  conductivity  perpendicular  to  the 
SL  interfaces.  However,  as  our  early  results  on  in-planc  transport  properties  suggest,  these  SL 
structures  are  also  likely  to  offer  improved  electrical  transport  properties  from  a  reduction  or 
elimination  of  alloy  scattering;  note  that  we  use  periodic  structures  to  reduce  lattice  thermal 
conductivity  rather  than  the  conventional  solid-solution  alloying.  In  the  case  of  Si/Gc  SL 
structures,  reduction  of  impurity  scattering  leading  to  improved  transport  properties  is  suggested. 

EXPERIMENTAL 

The  focus  of  this  paper  is  to  prc.sent  experimental  results  on  short-period  SL  structures  to 
elucidate  the  above  a.spccts  of  our  approach  for  using  short-period  SL  structures  with  weak  or 
negligible  quantum-confinement.  We  specifically  discuss  results  on  thermal  conductivity 
reduction  perpendicular  to  the  SL  interfaces  in  both  the  Bi2Te3/Sb2Te3  and  Si/Gc  SL  material 
systems,  A  recently  developed  3-OJ  technique  for  Ihin-films  [13]  was  used  to  measure  the 
thermal  conductivity  of  the  thin-film  SL  structures.  This  technique,  originally  developed  for 
non-conducting  thin-films,  has  recently  been  confirmed  to  work  for  conducting  thin-films 
(specifically  SiGe  alloy  films  and  Si/Ge  SL  structures  [9]  by  Cahill  with  measurements  carried 
out  at  the  University  of  Illinois). 

The  measurement  of  electrical  resistivity  perpendicular  to  the  SL  interfaces  in  thin-films 
is  complicated,  unlike  the  ease  with  which  they  can  be  measured  in  the  plane  of  the  SL  structures 
utilizing  van  der  Pauw  Hall-effect  methods.  Direct  measurements  of  the  electrical  resistivity  and 
the  power  factor  perpendicular  to  the  SL  interfaces  arc  being  attempted  in  our  laboratory  and 
would  be  published  in  future.  In  this  paper,  however,  we  present  power  factor  and  electrical 
transport  data  in  the  plane  of  the  SL  interfaces  that  provide  preliminary  basis  for  our  arguments 
on  reduced  alloy  scattering  and  impurity  scattering  in  Bi2Tc3/Sb2Te3  and  Si/Gc  SL  structures. 

The  Bi2Te3/Sb2Te3  and  the  Si/Ge  SL  structures,  whose  thermoelectric  properties  are 
de.scribed  in  this  paper,  were  grown  on  semi-insulating  GaAs  substrates.  The  use  of  semi- 
insulating  GaAs  substrates  is  ideal  for  determining  the  resistivity  of  the  thin-films  by  the  van  der 
Pauw  Hall  method  and  the  determination  of  the  in-plane  Seebcck  coefficients  of  the  cpi  layers. 
These  measurements  were  used  to  estimate  the  power  factors  in  the  plane  of  the  SL  structures. 

Growth  of  SL  Structures 

The  p-type  Bi2Te3/Sb2Tc3  SL  .structures  and  the  comparable  alloys  reported  in  this  study 
were  grown  by  mctallorganic  chemical  vapor  deposition  (MOCVD).  Details  of  the  growth 
process  for  obtaining  high-quality  SL  structures  in  this  material  .system  are  described  elsewhere 
[5,14].  High-resolution  double-crystal  X-ray  diffraction  (XRD)  measurements  and  transmission 
electron  microscopy  (TEM)  data  taken  on  Bi2Te3/Sb2Te3  SL  structures  have  indicated  that  the 
SL  structures  arc  of  good  quality.  The  Si/Gc  SL  structures  and  SiGe  alloy  thin-films  reported  in 
this  study  were  grown  by  chemical  vapor  deposition  (CVD),  and  were  intentionally  doped  n-type 
with  Arsenic.  Shown  in  Figure  3  is  the  scanning  electron  microscopy  cross-section  (XSEM) 
view  of  a  Si/Ge  SL  structure,  with  a  periodicity  of  ~200A  and  a  total  layer  thickness  of  ~  4.5  pm. 
In  extending  the  Si/Ge  SL  periods  below  -100  A,  we  developed  an  angle-lapped  scanning 
electron  microscopy  (ALSEM)  technique.  Here,  a  cross-.sectioned  short-period  SL  is  angle- 
lapped  at  a  known  small  angle  of  about  5"  and  then  the  sample  is  examined  by  SEM  in  plan-view 
to  determine  the  SL  periods;  ALSEM  view  of  a  35A/35A  Si/Gc  SL  is  shown  in  Fig. 4. 


76 


Figure  3  XSEM  of  a  4.5-micron- 
thick,  200A-period  Si/Ge  SL  structure 


Figure  4  ALSEM  view  of  a 
35A/35A  Si/Ge  SL  structure 


THERMOELECTRIC  PROPERTIES  OF  SL  STRUCTURES 

Bi^Te-l/Sb^Te^  SL  Structures 
Thermal  Conductivity  Reduction 

Figure  5  shows  the  observed  thermal  conductivity  values,  as  a  function  of  the  SL 
dimension,  in  Bi2Te3/Sb2Te3  SL  structures  where  the  layer  thickness  of  the  Bi2Te3  layer  is  same 
as  that  of  the  Sb2Te3  layer.  We  see  a  small,  but  measurable,  reduction  in  the  thermal 
conductivity  with  a  shorter  SL  dimension  (one  half  of  the  SL  period)  in  the  range  of  ~200A  to 
30A.  We  also  observe  an  apparent  minimum  thermal  conductivity  when  the  SL  dimension 
approaches  ~30A;  the  measured  thermal  conductivity  is  as  low  as  ~1.3  mW/cm-K.  This 
represents  nearly  a  factor  of  seven  reduction  in  thermal  conductivity  compared  to  that  measured 
in  a  BiSbTe3  alloy  thin-film,  also  by  the  3-tO  method,  as  indicated  in  Figure  6.  Note  that  the  3-co 
value  of  ~10.7  mW/cmK  measured  in  the  BiSbTe3  thin-film  is  comparable  to  that  measured  in 
bulk  alloys  of  similar  composition  [15]. 

We  also  observe  in  Figure  5  that  there  is  a  rapid  rise  in  the  measured  thermal 
conductivity,  almost  approaching  that  of  the  thin-film  alloy,  when  the  SL  dimension  becomes 
smaller  than  ~30A,  approximately  the  unit-cell  dimension  in  these  materials.  We  note  that  the 
sub-unit  cell  dimension,  and  therefore  a  minimum  repeat  distance  possible  in  a  periodic  structure, 
in  the  Bi2Te3  material  system  along  the  “c”  growth  direction  is  ~10  A  [16].  A  periodic  structure 
in  which  the  repeat  distance  is  below  a  unit-cell  dimension  can  be  thought  of  as  being  an 
ordered  alloy  rather  than  an  SL  structure.  This  may  explain  the  rise  in  the  measured  thermal 
conductivity  values  of  sueh  SL  structures  from  a  minimum  of  -1.4  mW/cm-K,  rapidly 
approaching  that  of  the  alloy.  This  further  points  to  the  efficacy  of  the  periodic  SL  structure  in 
reducing  thermal  conductivity  compared  to  alloyed  materials. 

A  similar  behavior  of  thermal  eonductivity  reduction  with  smaller  SL  dimension  was 
observed  in  another  set  of  Bi2Te3/Sb2Te3  SL  structures,  where  the  Bi2Te3  layer  thickness  was 
kept  constant  at  -lOA  and  the  Sb2Te3  SL  dimension  was  varied  continuously  in  steps  of  -lOA. 
The  observed  thermal  conductivity  data  for  this  set  is  shown  in  Figure  6.  We  notice  several 
apparent  minima  in  the  measured  thermal  conductivity,  when  the  sum  of  thickness  of  the  Bi2Te3 


and  Sb2Te3  layers  are  ~30A,  ~60A  and  ~90A,  representing  integer  multiples  of  the  unit  cell 
dimension  of  about  30A.  We  believe  that  the  structures  in  which  the  bi-layer  period  docs  not 
correspond  to  an  integer  multiple  of  the  unit  cell  dimension  arc  more  akin  to  an  ordered  alloy 
rather  than  a  periodic  SL.  Thus  these  structures  may  not  offer  the  substantial  reduction  in  the 
lattice  thermal  conductivity  compared  to  alloys. 

In  Figure  6,  we  observe  that  the  10A/20A  Bi2Te3/Sb2Te3  SL  structure  offers  a  thermal 
conductivity  of  ~2.4  mW/cm-K.  Similarly,  the  10A/50A  Bi2Te3/Sb2Te3  SL  structure  indicates 
thermal  conductivity  of  2.5  to  2.7  mW/cm-K.  These  values  arc  a  factor  of  nearly  seven  smaller 
than  the  thermal  conductivity  of  ~16  mW/cm-K,  typically  observed  in  conventional  bulk 
BiosSb]  5Te3  alloys.  In  Fig.  6,  the  locus  of  the  apparent  minima  in  thermal  conductivities  is 
shown  by  the  dashed  line,  indicating  a  slow  increase  with  the  SL  dimension  as  seen  in  Figure  5. 

An  important  point  to  note  here  is  that  the  observed  thermal  conductivity  values  in  the 
optimized  Bi2Te3/Sb2Te3  SL  structures  arc  apparently  [17]  lower  than  the  predicted  minimum 
thermal  conductivity  values  for  the  BiSbTc3  alloy  films.  The  minimum  thermal  conductivity 
values  are  ba.sed  on  the  concept  that  the  minimum  phonon  frcc-path  is  at  least  equal  to  [18]  or 
about  half  of  [19]  the  average  wavelength  of  the  Debye  phonon  waves.  A  possible  exception  to 
this  rule  may  be  an  SL  with  a  periodic  structure,  in  which  the  propagation  of  the  low-frequency 
phonons  are  hindered  through  an  optical-etalon-likc  mechanism  [8]  or  through  a  limited 
propagation  distance  mechanism  due  to  “.scattering”  at  the  SL  interfaces  [20].  In  the  latter 
argument,  depending  on  the  frequency  of  the  phonon  wave,  its  propagation  is  assumed  halted  at 
the  SL  interface  before  an  exchange  of  thermal  energy  can  occur  between  one  volume  element  of 
the  extent  of  the  phonon  wave  to  a  neighboring  volume  element.  The  concept  of  exchange  of 
thermal  energy  between  adjacent  volume  elements,  in  bulk  material,  was  proposed  in  Ref.  19. 
Thus  we  believe,  if  the  3(0  measurements  of  thermal  conductivity  values  arc  accurate,  the 
“scattering”  of  the  “heat-conducting”  low-frequency  phonon  waves  at  SL  boundaries  could 
reduce  the  thermal  conductivity  below  the  ideal  minimum  thermal  conductivity  values. 


Figure  5.  Thermal  conductivity  variation 
with  SL  dimension  in  the  Bi2Te3/.Sb2Tc3 
SL  .system  where  layer  thickness  of  Bi2Te3 
and  Sb2Te3  are  same. 
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Figure  6.  Thermal  conductivity  variation 
in  Bi2Te3/.Sb2Te3  SL  structures  where 
Bi2Te3  layer  is  ~10A.  The  dashed  line  is 
the  locus  of  the  app.ircnt  minima  in  K. 


Mobility  Enhancement 

One  of  the  advantages  of  an  SL  structure  compared  to  an  alloy  film  is  the  ability  to  obtain 
higher  carrier  mobilities  through  a  reduction  of  the  alloy  scattering  of  carriers  [4].  In  Tabic  1,  wc 
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compare  the  in-plane  Hall-mobility  of  some  p-type  BixSb2  ,(Te3  alloy  films  and  their  equivalent 
SL  structures.  We  observe  for  all  the  SL  structures,  the  hole  mobility  in  the  p-type 
Bi2Te3/Sb2Te3  SL  is  higher  than  that  in  a  corresponding  (Bi^  Sb2,x)  Te3  alloy  of  identical 
electrical  conductivity.  Also,  the  ratio  of  improvement  in  the  mobility  of  SL  structures  over  alloy 
films  is  highest  when  the  mole  fraction  of  Bi  is  equal  to  that  of  Sb  in  the  BixSb2.xTe3  alloy;  this 
is  to  be  anticipated  as  the  alloy  scattering  of  carriers  would  be  a  maximum  for  this  composition. 

In  addition,  from  the  nominal  band  structure  indicated  in  Figure  la,  the  periodic  SL 
structure  would  lead  to  a  larger  displacement  (in  energy)  of  the  holes  from  the  acceptor  states,  at 
least  by  the  valence  band  offset  in  the  SL  system.  Even  if  this  offset  is  only  small,  not  enough  to 
alloy  and  in  turn  on  the  bandstructure  difference  between  the  alloy  and  the  SL.  A  full  theoretical 
provide  quantum  confinement,  the  larger  displacement  can  reduce  impurity  scattering  to  improve 
the  carrier  mobilities.  The  ratio  of  improvement  in  hole  mobility  of  the  SL  structures  over 
comparable  alloy  films  would  depend  on  the  bandgap  (and  hence  the  composition).  The 
treatment  of  carrier  transport  in  such  SL  structures  with  negligible  or  weak  quantum-confinement 
needs  to  be  developed. 

Seebeck  coefficient  and  Power  factor  Enhancement 

The  improved  carrier  mobilities  in  the  SL  structures,  for  nearly  the  same  electrical 
conductivity  as  in  respective  alloy  films,  also  lead  to  lower  measured  free-carrier  levels  and 
therefore,  a  higher  measured  Seebeck  coefficient  (a)  in  the  SL  structures.  This  effect  can  be 
explained  as  follows.  The  Seebeck  coefficient  (a)  of  a  p-type  material  is  given  by: 

oo  ^ 

J  E  a  (E)  dE 
;  =  Ev 

oo 

J  0(E)dE 
E  =  Ev 

where  a  is  the  electrical  conductivity,  E*  is  the  reduced  energy  of  holes  in  the  valence 
band,  and  Ef*  is  the  reduced  Fermi-energy.  A  lower  carrier  concentration,  for  about  the  same 
effective  band  gap,  would  lead  to  a  lower  hole  Ef*;  this  would  enhance  a  in  the  SL  structure 
compared  to  the  alloy  film.  The  SL  structure  is  also  expected  to  increase  the  average  E*,  albeit 
only  by  a  small  amount  than  possible  with  strong  quantum-confinement,  which  would  lead  to  a 
slight  enhancement  in  a.  The  improved  a,  for  approximately  the  same  electrical  conductivity  as 
in  the  alloy,  leads  to  a  larger  power  factor  for  the  SL.  We  have  recently  verified  power  factors  in 
10A/50A  Bi2Te3/Sb2Te3  SL  structures  of  as  much  as  ~57  pW/cm-K^.  The  typical  best  power 
factor  in  optimized  bulk  alloy  BixSbj,Te3  (x  -i-  y  =  2  and  x/y  ~  0.25)  is  -36  pW/cm-K^  [21].  Thus 
the  SL  structures  appear  to  offer  nearly  58%  improvement  in  the  in-plane  power  factor  compared 
to  the  state-of-the-art  bulk  alloys.  In  addition,  the  MOCVD-grown  thin  alloy  films  and  the 
Bi2Te3/Sb2Te3  SL  structures  offer  higher  power  factors  at  lower  temperatures(150K)  than  at 
300K,  in  a  significant  variation  from  commercial  bulk  BiinSb^Te,  alloys.  We  attribute  this 
behavior  partly  to  the  relatively  higher  purity  of  the  MOCVD-grown  thin-film  alloy  leading  to  a 
greater  carrier  mobility,  because  impurity  scattering  dominates  carrier  transport  at  lower 
temperatures.  However,  the  Bi2Te3/Sb2Te3  SL  structure  shows  a  larger  improvement  in  power 
factor  of  as  much  as  106%  at  150K  compared  to  its  power  factor  at  300K.  This  behavior  of  the 
SL  structures  near  cryogenic  temperatures,  visa-vis  both  bulk  alloy  and  the  alloy  thin-film,  is 
probably  related  to  the  absence  of  alloy  scattering  effects  in  an  SL  [20]. 
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Tabic  I  In-plane  hole  mobility  enhancement  in  SL  structures  compared  to  alloy  films,  for  identical 
electrical  conductivity 


Alloy 

Material 

Equivalent 

SL 

Structure 

Hole 

Mobility  in 
Alloy  Film 
(cmVVsec) 

Hole 

Mobility  in 

SL  Structure 
(cm^/Vscc) 

Ratio  of 
Improvement 
in  Mobility  with 
SL  Structure.s 

B'0.5  Sb]  5Te3 

15A/45A 

1  384 

603 

1.57 

B'i.oSbi,nTe3 

30A/30A 

i  88 

432 

4.91 

Bi|.5Sbo,5Te3 

30 A/10  A 

1  32 

102 

3.18 

Potential  ZT  in  BiiTci/ShaTei  vSL  Structures 

The  power  factors  in  the  Bi2Te3/Sb2Te3  SL  structures  have  been  measured  parallel  to  the 
SL  interfaces.  However,  the  3-co  technique  [13]  measures  thermal  conductivity  values 
perpendicular  to  the  SL  interfaces.  Further,  unlike  GaAs  and  AlAs  materials,  Bi2Te3  and  Sb2Te3 
materials  exhibit  anisotropic  thermal  conductivities;  so  determining  ZT  values  of  the 
Bi2Te3/Sb2Te3  SL  .structures  is  not  straightforward.  Measurement  of  vertical  power  factors  in 
the  Bi2Te3/Sb2Te3  SL  structures  would  enable  the  determination  of  ZT.  Preliminary  estimates 
of  ZT,  with  a  correction  for  potential  anisotropy  in  electrical  conductivities  and  power  factors, 
indicate  that  Bi2Te3/Sb2Te3  SL  structures  would  offer  at  least  a  factor  of  three  to  four 
improvement  in  ZT  at  300K  compared  to  tho.sc  obtainable  with  bulk  Bi()  4Sb|  (iTe3  alloys. 

Si/Ge  SL  Structures 

Thermal  Conductivity  Reduction 


We  have  studied  the  thermal  conductivity  of  Si/Gc  SL  structures  for  a  near  constant  SL 
period  but  varying  electron  concentration,  as  measured  by  Hall-effect.  In  these  samples,  the 
thermal  conductivity  increases  with  electron  concentration  for  a  constant  SL  period.  Also,  the 
increase  in  thermal  conductivity  with  carrier  concentration  is  higher  at  smaller  SL  periods.  This 
behavior  suggests  reduced  lattice  thermal  conductivity  contribution  to  the  total  thermal 
conductivity  with  a  shorter  SL  period.  The  reduced  total  thermal  conductivity  with  a  smaller  SL 
period  is  al.so  evident  in  the  data  of  Fig.  7  under  the  limit  where  lattice  thermal  conductivity  is 
small  with  .short  SL  periods,  the  intercepts  arc  a  function  of  the  carrier  levels.  We  also  observe 
that  for  large  SL  periods,  at  n=3-fl.3  E18  cm',  the  thermal  conductivity  values  arc  extremely 
low.  A  similar  result  for  large-period  Si/Gc  SL  structures  has  been  attributed  to  disruption  of 
lattice  vibrations  by  defects  during  lattice-mismatched,  large-period,  Si/Gc  SL  growth  [9]. 

Mobility  Enhancement 

Shown  in  Figure  8  is  the  observed  dependence  of  in-planc  electron  mobility,  as 
determined  by  Hall-effect,  on  SL  period  for  a  range  of  frcc-carrier  levels.  We  clearly  observe  that 
the  electron  mobility  improves  with  smaller  period  in  the  Si/Ge  SL  structures,  at  n=3±1.3EI8 
cm'^.  This  behavior  can  be  understood  by  a  qualitative  model  as  follows. 
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SL  Period  (A) 

Figure  7.  Variation  of  thermal  conductivity 
with  SL  period  for  a  range  of  free  carrier 
levels. 


with  SL  period  for  a  range  of  free-carrier 
levels. 


(a) 


. . ‘^5 . . 


Figure  9.  (a)  Heterostructure  band 
diagram  at  the  Si/Ge  SL  interface  and 
(b)  the  nature  of  time  constants 
associated  with  impurity  scattering  and 
acoustic  scattering 


A  Si/Ge  SL  heterostructure  band  diagram  is  shown  in  Figure  9(a)  for  an  SL  period  =  50  A 
under  ideal  conditions  and  assuming  that  the  conduction  band  offset  is  equal  to  the  electron 
affinity  difference  between  Ge  and  Si,  ignoring  possible  increase  in  bandgap  of  the  Si  layer  from 
uniaxial  expansion  along  the  <100>  growth  direction.  Also,  the  energies  of  the  n=l  and  n=2 
quantum  levels  indicated  in  the  Ge  layer  are  simple  estimations  ignoring  mini-banding  effects 
[22].  For  the  n-type  doped  Si/Ge  materials  and  for  doping  levels  of  ~3E18  cm'^  and  above, 
impurity  scattering  of  carriers  is  expected  to  significantly  affect  carrier  mobility  at  300K.  Note 
that  even  in  weakly-confined  Si/Ge  SL  structures,  for  low-carrier  densities,  most  of  the  electrons 
would  be  in  the  Ge  layer  of  the  SL  from  energetic  considerations.  At  very  high  free-carrier 
levels,  the  electrons  would  be  distributed  in  both  the  Si  and  Ge  layers  depending  on  their 
respective  effective  density  of  states.  The  general  depiendence  of  time  constants  associated  with 
impurity  scattering  and  acoustic  scattering  of  electrons  in  the  conduction  band  of  Ge,  as  a 
function  of  energy  separation  from  the  conduction  band  edge  of  Ge,  is  shown  in  Figure  9  (b).  In 
the  Si/Ge  SL,  the  average  energy  of  electrons  in  the  Ge  layer  is  expected  to  be  higher  with 
respect  to  the  conduction  band  edge  of  Ge  as  the  SL  period  decreases.  This  would  be  the  case 
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even  if  there  is  only  weak  confinement  of  electrons  in  the  Gc  layer  of  the  Si/Gc  SL  and  mini- 
banding  effects  are  active.  The  higher  energy  of  the  electrons  with  smaller  SL  periods  implies 
less  impurity  scattering,  and  therefore  larger  mobility  of  electrons,  from  the  dependence  of 
impurity  scattering  time  constant  on  the  energy  of  carriers.  Further,  the  Si/Gc  SL  structures  arc 
expected  to  offer  reduced  alloy  scattering  of  carriers  compared  to  that  of  a  SiGc  alloy  material; 
this  would  improve  the  carrier  mobilities  as  well. 

In  Figure  8,  a  similar  behavior  of  increasing  electron  mobility  with  shorter  SL  period  is 
observed  for  n  ~L0+0.1E19  cni'^  till  -100  A.  For  smaller  SL  periods,  the  mobility  falls  with 
increasing  electron  density  as  well.  This  fall  in  mobility  has  not  been  clearly  understood  at  the 
present  time.  It  is  possible  that  at  high  carrier  levels,  significant  conduction  occurs  in  the  Si  layer 
of  the  SL-typically  mobilities  arc  smaller  in  Si  compared  to  that  in  Gc.  Further,  the  electrons  in 
the  Si  layer  would  not  benefit  from  above-described  reduced  impurity  scattering.  In  any  case,  as 
shown  in  Figure  8,  we  note  that  for  similar  frcc-carricr  levels,  the  mobility  of  all  the  Si/Gc  SL 
structures  arc  significantly  higher  than  that  of  a  comparably  doped  SiGe  alloy  epitaxial  film.  The 
improved  mobility  is  primarily  attributed  to  minimizing  impurity  scattering  as  well  as  avoiding 
any  possible  alloy  .scattering.  The  electrical  resistivity  of  Si/Gc  SL  .structures  as  a  function  of  the 
SL  period  and  frcc-carricr  level  mimic  the  behavior  of  electron  mobility  shown  in  Fig.  8  [20]. 

Seebeck  Coefficient  and  Power  Factor  Enhancement 

Shown  in  Figure  10  is  the  variation  of  the  in-planc  Sccbcck  coefficient  in  the  Si/Gc  SL 
structures  as  a  function  of  SL  period,  at  different  frcc-carricr  levels.  For  all  the  frcc-carricr 
levels,  we  observe  that  the  Seebeck  coefficient  increases  significantly  with  a  shorter  SL  period. 
As  discussed  in  the  previous  section,  conduction  electrons  in  the  Gc  layer  of  a  Si/Gc  SL  arc 
expected  to  be  energetically  higher  (with  respect  to  the  conduction  band  edge  of  Gc)  as  the  SL 
period  decreases.  If  the  Fermi  level  (E,)  is  held  close  to  the  conduction  band  edge  of  Gc,  due  to 
doping  degeneracy,  the  higher  energy  of  the  carriers  (with  respect  to  Ef )  would  lead  to  higher 
Seebeck  coefficients  with  smaller  SL  periods.  Thc.se  results  qualitatively  indicate  that  it  is 
possible  to  obtain  a  substantial  improvement  in  the  Sccbcck  coefficient,  even  if  only  weak 
quantum-confinement  effects  arc  present.  The  combination  of  lower  electrical  resistivity  from 
improved  electron  mobilities  for  short-period  (<  150  A)  Si/Gc  SL  structures  and  the  improved 
Seebeck  coefficients  for  short-period  (<  75  A)  Si/Gc  SL  structures,  all  lead  to  a  significant 
improvement  in  power  factors  of  the  SL  .structures  with  smaller  periods.  This  is  indicated  in 
Figure  1 1 .  We  note  from  this  data,  in  the  frcc-carricr  range  of  3E1 8  to  1 .5E19  em'i',  that  there  is 
a  significant  improvement  in  the  power  factor  with  shortcr-periods  even  at  higher  frcc-carricr 
levels.  The  typical  power  factor  for  .statc-of-thc-art  SiGc  bulk  alloy  is  -  20  pW/cm-K^.  The 
power  factor  measured  on  a  SiGe  alloy  thin-film  (for  reference)  was  ~  14  pW/cm-K^.  Thus  the 
be.st  measured  power  factors  in  Si/Gc  SL  structures  arc  about  a  factor  of  5  better  than  that  of  bulk 
SiGe  alloys  and  as  much  as  a  factor  of  8  better  than  SiGc  alloy  films.  We  attribute  this  increase  in 
in-plane  power  factor  to  an  enhanced  mobility  from  reduced  impurity  scattering  in  contrast  to  the 
strong  quantum  confinement  effects  [3]  invoked  for  the  PbTc/PbEuTe  quantum  wells. 

Potential  ZT  in  Si/Ge  SL  Structures 


The  power  factors  in  the  Si/Gc  SL  structures  have  been  measured  parallel  to  the  SL 
interfaces.  However,  the  3-co  method  measures  thermal  conductivity  perpendicular  to  the  SL 
interfaces.  Although,  unlike  Bi2Tc3  or  Sb2Tc3,  Si  and  Gc  do  not  have  strong  intrinsic  anisotropic 
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properties,  determining  the  ZT  values  of  these  SL  structures  would  require  the  measurement  of 
vertical  power  factors.  Preliminary  estimates  suggest  that  the  optimized  Si/Ge  SL  structures 
would  offer  at  least  a  factor  of  five  improvement  in  ZT  at  300K  compared  to  bulk  SiGe  alloys. 


Figure  10.  Seebeck  coefficient  as  a  Figure  11.  Variation  of  power  factor  with 

function  of  SL  period  for  various  free-  SL  period  for  a  range  of  free  carrier  levels, 

carrier  levels. 


APPROACH  TO  THIN-FILM  THERMOELECTRIC  DEVICES 


A  schematic  of  a  thin-fdm  thermoelectric  device,  called  Bipolarity-Assembled,  Series- 
Inter-Connected  Thin-Film  Thermoelectric  Device  (BASIC-TFTD)  using  the  thin  film  SL 
structures,  is  shown  in  Figure  12.  Here,  the  individual  thin-film  thermoelements  are  electrically 
in  series  and  thermally  in  parallel.  The  advantages  of  such  a  thin-film  device  include  the  ability 
to  use  low-cost  power  supplies,  simple  microelectronic  processing,  automation  for  large-volume, 
low-cost  device  manufacturing,  and  multi-staging  for  improved  performance.  A  detailed 
description  of  the  fabrication  sequence  of  such  a  device  is  presented  elsewhere  [10]. 


Figure  12.  Schematic  of  a  BASIC-TFTD  structure  for  using  the  thin-film  SL  structures 


CONCLUSIONS 

The  thermoelectric  properties  of  Bi2Te3/Sb2Te3  and  Si/Ge  SL  structures  suggest  that  it 
may  be  possible  to  break  the  traditional,  conflicting  material  requirements  for  obtaining  high 
electrical  conductivity  and  low  thermal  conductivity,  encountered  in  bulk  thermoelectric 
materials.  SL  structures  could  reduce  alloy  and  impurity  scattering  of  carriers  for  enhanced 
mobilities;  yet  the  SL  structures  reduce  thermal  conductivity  below  those  of  solid-solution  alloys. 
The  short-period  Bi2Te3/Sb2Te3  and  Si/Ge  SL  structures  potentially  offer  factorial  improvements 
in  ZT3Q  over  current  state-of-the-art  bulk  alloys.  More  definitive  measurements  of  ZT3D  in 
these  SL  materials  are  needed,  including  measurement  of  power  factors  perpendicular  to  the  SL 
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interfaces.  The  development  of  a  practical  thermoelectric  device  technology  with  these  SL 
materials  would  be  valuable  for  a  variety  of  cooling  and  power  conversion  applications. 
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ABSTRACT 

Understanding  the  thermal  conductivity  and  heat  transfer  processes  in  superlattice  structures  is 
critical  for  the  development  of  thermoelectric  materials  and  devices  based  on  quantum  structures. 
This  work  reports  progress  on  the  modeling  of  thermal  conductivity  of  superlattice  structures. 
Results  from  the  models  established  based  on  the  Boltzmann  transport  equation  could  explain 
existing  experimental  results  on  the  thermal  conductivity  of  semiconductor  superlattices  in  both  in 
plane  and  cross-plane  directions.  These  results  suggest  the  possibility  of  engineering  the  interfaces 
to  further  reduce  thermal  conductivity  of  superlattice  structures. 

INTRODUCTION 

Studies  over  the  last  few  years  have  demonstrated  that  the  thermoelectric  power  factor  of 
quantum  well  structures  can  be  increased  significantly  due  to  the  quantum  size  effects  [1].  To 
realize  an  overall  increase  in  the  thermoelectric  figure  of  merit,  thermal  conductivity  of  these 
structures  must  be  taken  into  consideration. 

Few  experimental  studies  have  reported  the  thermal  conductivity  of  semiconductor 
superlattices,  including  GaAs/AlAs  [2-5],  Si/Ge  [6],  and  BizTes/SbzTes  [7].  These  experiments 
show  that  the  thermal  conductivity  of  these  structures  are  generally  lower  than  the  values  calculated 
from  the  thermal  conductivity  of  their  constituent  single  crystal  materials  according  to  the  Fourier 
heat  conduction  theory.  In  several  cases,  the  reported  thermal  conductivities  of  the  superlattice 
structures  are  even  smaller  than  those  of  their  corresponding  alloys  [2,6,7].  Theoretically,  Ren 
and  Dow  [8]  modeled  the  thermal  conductivity  of  ideal  superlattice  structures  by  combining 
Callaway's  model  [9]  with  a  quantum  mechanical  treatment  of  the  scattering  rate.  The  predicted 
reduction  in  thermal  conductivity  from  their  model,  however,  is  too  low  to  explain  the  orders  of 
magnitude  reduction  in  the  measured  thermal  conductivity  of  some  superlattice  structures.  We 
have  established  models  on  the  in-plane  and  cross-plane  thermal  conductivity  of  superlattices 
[10,11].  These  models  could  explain  the  observed  reduction  on  the  thermal  conductivity  of 
GaAs/AlAs  superlattice  structures  and  suggest  that  diffuse  interface  scattering  plays  a  significant 
role  in  the  observed  thermal  conductivity  reduction.  A  similar  model  for  the  in-plane  thermal 
conductivity  of  superlattices  has  also  been  established  independently  by  Mahan's  group  [12]. 

This  work  extends  our  previous  work  on  thermal  conductivity  of  superlattices  to  include  the 
effects  of  specularly  reflecting  interfaces  for  transport  in  the  cross-plane  direction  and  presents 
modeling  results  on  Si/Ge  superlattices. 

THEORETICAL  MODELS  AND  ANALYSIS 

Details  of  our  models  have  been  reported  in  two  previous  publications  [10,1 1].  The  models 
are  based  on  solving  the  Boltzmann  transport  equation  (BTE)  for  phonon  propagation  in  periodic 
structures  [13,14], 
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where  loji  is  the  spectral  dependent  phonon  intensity  of  the  ith  layer  and  lojoi  the  equilibrium 
phonon  intensity;  the  in-plane  and  cross-plane  heat  flow  directions  are  denoted  by  x  and  z 
coordinates,  respectively;  v  is  the  phonon  group  velocity;  and  Ami  is  the  phonon  mean  free  path  at 
angular  frequency  to  in  the  ith  layer. 
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In-Plane  Direction 


For  heat  conduction  in  the  in-planc  direction,  BTE  has  been  solved  by  assuming  that  the 
interfaces  reflect  and  transmit  phonons  partially  diffusely  and  partially  specularly  [10],  The 
effective  thermal  conductivity  in  this  direction  is  given  by 
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where  kbpi  is  the  contribution  to  the  bulk  thermal  conductivity  due  to  p-polarized  (one  longitudinal 
and  two  transverse)  phonons  in  the  ith  layer;  p  is  the  specularity  parameter  that  represents  the 
fraction  of  specularly  reflected  and  transmitted  phonons;  Cp,pi  is  the  volumetric  specific  heat  of 
phonons  with  frequency  m;  Xi  [=di/(d|+d2)]  is  the  relative  thickness  of  the  ith  layer;  ^j(=dj/A(,,i)  is 
the  nondimcnsional  thickness  of  the  ith  layer;  and  Gji  and  Gj;  arc  integrals  given  by 
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and  Gs2,  Gd2  can  be  obtained  by  subscript  index  permutation.  In  the  above  equations,  r  and  t 
repre.sent  the  specular  reflectivity  and  transmissivity,  respectively;  and  the  order  of  their  subscripts 
denotes  the  direction  of  phonon  propagation.  They  arc  calculated  according  to  the  well  established 
acoustic  phonon  mismatch  theory  for  different  incident  angle  [15].  The  directional  cosine  is 
denoted  by  p.  Equation  (5)  is  valid  for  the  special  cases  when  total  internal  reflection  occurs  and 
when  the  frequency  of  the  incident  phonon  is  larger  than  the  maximum  frequency  of  the 
corresponding  polarization  in  the  adjacent  layer.  This  later  treatment  neglects  the  possibility  of 
inelastic  scattering  at  the  interface. 

To  evaluate  the  thermal  conductivity  of  real  supcrlatticc  structures  requires  appropriate  models 
on  the  bulk  relaxation  time  of  the  constituting  materials.  We  extended  Holland’s  model  [16]  on 
bulk  semiconductor  materials.  In  this  model,  different  relaxation  time  expressions  are  used  for  low 
and  high  frequency  transverse  phonons  to  account  for  the  flattening  of  the  phonon  dispersion  curve 
near  the  Brillouin  zone  boundary.  The  total  bulk  relaxation  time  for  phonons  of  each  polarization 
is 


'G' =^r'+'Cp'+'cj'  (7) 

where  Xf'  and  Xp-'  are  inverse  relaxation  time  due  to  impurity  scattering  and  three-phonon 
scattering  processes,  respectively,  and  can  be  found  in  Holland's  paper.  The  last  term  in  Eq.  (7)  is 
the  inverse  relaxation  time  due  to  dislocation  scattering.  We  use  here  a  simplified  expression  for  all 
forms  of  dislocations  [17], 

Xj'=(TY^b^co  (8) 
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where  c  is  the  dislocation  density;  y  is  the  Gruneisen  number,  and  b  the  magnitude  of  the  Burgers 
vector  of  the  dislocations.  When  compared  with  experimental  data,  Eq.  (8)  is  often  found  to  be  too 
small  by  a  factor  of  4  to  6,  and  for  some  materials  systems  such  as  LiF,  it  is  a  factor  of  100  too 
small  [17],  Our  modeling  results  presented  later  are  based  on  multiplying  Eq.  (8)  by  a  factor  of  6. 

Another  extension  we  made  on  Holland's  model  is  to  approximate  the  phonon  dispersion 
relation  by  a  sine  function  that  is  valid  for  one-dimensional  lattice.  This  approximation  is  closer  to 
real  crystal  phonon  dispersion  relations  than  the  often  used  Debye  model  and  impacts  the  modeling 
results  in  two  ways:  one  through  the  phonon  density  of  states  and  the  other  through  the  phonon 
group  velocity. 

Equation  (2)  can  be  simplified  if  the  gray-medium  assumption  is  introduced,  i.e.,  the  mean- 
free-path  is  frequency  independent.  Details  of  the  simplified  equations  can  be  found  in  reference 
[10]. 

Cross-Plane  Direction 


For  transport  in  the  direction  perpendicular  to  the  superlattice  plane,  no  analytical  solution  of 
the  BTE  could  be  obtained  and  numerical  solutions  are  sought  instead.  To  establish  the  appropriate 
boundary  conditions  for  periodic  structures,  it  is  important  to  realize  that  although  the  phonon 
intensity  is  not  periodic  due  to  temperature  variation  ^ong  this  direction,  the  deviation  of  phonon 
intensity  from  the  equilibrium  should  be  periodic  [11].  This  condition  allows  the  solution  of  the 
BTE  only  within  two  adjacent  layers.  Numerical  solution  for  diffuse  interface  scattering  of 
phonons  in  GaAs/AlAs  superlattices  has  been  reported.  Although  partially  specular  and  partially 
diffuse  interface  could  be  similar  treated,  our  numerical  approach  has  been  troubled  by  the  stability 
issue.  This  work  reports  modeling  results  for  specular  interfaces  and  compare  them  with  results 
obtained  for  diffuse  interfaces.  Due  to  computational  difficulty,  the  modeling  has  been  based  on 
the  gray-medium  assumption,  i.e.,  the  mean-free-path  is  considered  as  frequency  independent. 

Although  it  is  difficult  to  obtain  an  analytical  solution  for  the  cross-plane  thermal  conductivity, 
a  simple  expression  can  be  obtained  to  estimate  the  lower  limit  of  the  thermal  conductivity  of 
superlattices  in  this  direction.  As  will  be  shown  latter,  when  the  period  is  very  short  and  scattering 
at  the  interfaces  is  totally  diffuse,  the  temperature  drop  inside  each  layer  is  very  small  compared  to 
the  temperature  drop  at  the  interface.  If  it  is  assumed  that  all  the  temperature  drop  occurs  at  the 
interface,  the  effective  thermal  conductivity  in  the  cross-plane  direction  is  found  to  be 


1^_1  CiVit|2(di +d2) 

2  (l  +  ri2)(l  +  r2i)“M2t2i 

where  C  is  the  volumetric  specific  heat  and  v  is  the  phonon  group  velocity.  The  reflectivity  and 
transmissivity  at  the  interface  will  be  calculated  from  an  expression  [11]  obtained  by  extending  the 
diffuse  phonon  mismatch  model  [18]  for  thermal  boundary  resistance. 
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and  t2i,  r2i  can  be  similarly  obtained  by  permuting  subscript  indices. 
RESULTS  AND  DISCUSSIONS 


Results  from  the  above  described  models  will  be  compared  to  available  experimental  data  on 
GaAs/AlAs  and  Si/Ge  superlattices. 

Parallel  Direction 


Figure  1(a)  shows  a  comparison  of  the  calculated  thermal  conductivity  of  GaAs/AlAs 
superlattice  structures  as  a  function  of  the  layer  thickness  with  reported  experimental  results  at 
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room  temperature  for  different  values  of  the  interface  scattering  parameter  p.  Both  the  experiments 
of  Yao  [2]  and  Yu  et  al.  [4]  employed  GaAs/AlAs  supcrlatliccs  of  equal  thickness  for  all  the  layers. 
This  figure  demonstrates  that  if  the  interfaces  scatter  phonons  specularly,  reduction  in  the  thermal 
conductivity  of  the  superlatticcs  is  very  small.  With  slight  increase  in  diffuse  phonon  scattering, 
however,  thermal  conductivity  can  he  greatly  reduced.  There  are  several  possible  mechanisms  for 
diffuse  phonon  scattering  at  the  interfaces.  Tho.se  include  the  atomic  scale  mixing  and  terrace 
formation  [19],  and  incla.stic  scattering  cau.scd  by  the  difference  in  the  force  constants  between  the 
interface  atoms.  At  this  stage,  it  is  not  clear  which  one  or  several  of  those  mechanisms  arc 
responsible  for  the  diffuse  interface  scattering. 

Figure  1(a)  indicates  that  thermal  conductivity  of  thin  period  superlatticcs  may  be  made  smaller 
than  its  corresponding  alloys,  although  this  prediction  has  not  been  proven  by  experiment.  The 
explanation  lies  in  that  scattering  by  mass  difference  fluctuation  in  alloys  is  proportional  to  the 
fourth  power  of  frequency  so  that  long  wavelength  phonons  arc  not  effectively  scattered.  The 
current  model  assumes  that  phonons  arc  cither  .specularly  or  diffusely  scattered,  independent  of 
their  wavelength.  In  the  diffu.se  interface  scattering  limit,  phonons  of  all  wavelengths  can  be 
effectively  scattered  within  this  model,  thus  reducing  the  supcrlatticc  thermal  conductivity  below 
alloy  values.  Clearly,  more  work  needs  to  be  done  to  understand  the  interface  scattering 
mechanisms.  To  complete  the  di.scussions  here,  we  need  to  answer  the  following  two  questions 
that  seem  to  contradict  the  above  prediction:  (1)  do  superlatticcs  made  of  alloys,  such  as 
Alo.2.sGao.7.‘iAs/AlQ  75Gao  25AS,  have  larger  thermal  conductivity  than  GaAs/AlAs  superlatticcs  of 
equal  periodicity?  and  (2)  what  happens  when  the  supcrlatticc  period  become  so  short  such  that  the 
whole  structure  is  already  an  alloy?  To  answer  the  first  question,  it  is  realized  that  mass  difference 
scattering  in  alloys  only  reduces  the  mean  free  path  of  high  frequency  phonons.  By  using 
superlattice  structures,  the  low  frequency  phonons  arc  further  scattered  at  interfaces  and  the  thermal 
conductivities  of  alloy  superlattices  could  be  made  even  smaller  than  those  of  their  corresponding 
bulk  alloys  as  well  as  smaller  than  those  of  comparable  superlatticcs  made  of  pure  crystalline 
layers.  An  answer  of  the  second  question  should  trace  back  to  the  wave  characteristics  of 
phonons.  When  the  layer  becomes  very  thin,  tunneling  of  phonons  between  layers  will  increase 
the  lattice  thermal  conductivity.  In  the  limit  that  the  superlatticcs  become  effectively  alloys,  phonon 
waves  will  not  be  effectively  reflected  and  the  model  will  no  longer  be  valid. 

There  are  no  reported  data  on  the  thermal  conductivity  of  Si/Gc  superlatticcs  in  the  in-planc 
direction.  Figure  1(b)  shows  results  obtained  from  our  model  for  Si/Ge  supcrlatticc  systems. 
Two  different  sets  of  curves  arc  presented:  those  including  the  effect  of  dislocations  and  those 
without  dislocation  .scattering.  In  using  Eq.  (8),  the  dislocation  density  is  taken  as  10' 2  env^  [20], 
which  repre.sents  an  upper  limit  of  high  density  threading  dislocations.  It  should  be  pointed  out 
that  the  effect  of  strain  on  phonon  relaxation  time  has  not  been  included  in  the  model.  This  figure 
again  shows  that  specular  interfaces  do  not  cause  much  change  in  thermal  conductivity.  When  the 
dislocation  density  is  high,  however,  the  supcrlatticc  thermal  conductivities  arc  reduced  by  orders 
of  magnitude  due  to  dislocation  .scattering  and  become  independent  of  layer  thickness.  It  is 


Figure  1  Room  temperature  thermal  conductivity  of  superlatticcs  in  the  in-planc  direction  as  a  function  of  the  period 
thickness  (equal  thicknc.ss  assumed  for  each  layer)  (a)  GaAs/AlAs  superlatticcs  and  (h)  Si/Ge  superlatticcs.  Par.ameter 
p  represents  the  fraction  of  specularly  scattered  phonons. 
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interesting  to  note  that  a  recent  measurement  on  the  thermal  conductivity  of  a  1550  A  free-standing 
single  crystalline  Si  film  observed  a  thermal  conductivity  -'ll  W/mK  [21]. 


Cross-Plane  Direction 

For  heat  transfer  in  the  cross-plane  direction,  all  calculations  are  performed  by  assuming  that 
the  phonon  mean-free-path  is  frequency  independent  (gray  medium  assumption).  Figure  2  shows 
the  calculated  effective  temperature  distribution  inside  Si/Ge  superlattice  structures  for  the  case 
when  the  interface  is  assumed  to  be  diffuse.  This  figure  shows  that  most  temperature  drop  occurs 
at  the  interface  when  the  period  is  very  short,  and  thus  justifies  the  assumptions  made  for  Eq.  (9). 
It  should  be  pointed  out  that  phonons  inside  each  layer  are  at  highly  nonequilibrium  states  and  the 
temperature  as  used  here  losses  its  conventional  meaning  as  an  equilibrium  concept  [1 1]. 

Figure  3  compares  the  calculated  thermal  conductivity  of  Si/Ge  superlattice  with  some  recent 
measurements  by  Lee  et  al.  [6].  The  model  based  on  diffuse  interface  scattering  could  explain  the 
orders  of  magnitude  reduction  in  thermal  conductivity  observed  in  these  systems.  Above  certain 
thickness,  the  experimental  data  drops  and  approaches  a  constant.  This  is  attributed  to  the 
dislocation  formation  [6].  Although  a  gray  medium  model  based  on  the  bulk  medium  mean  free 
path  cannot  capture  such  a  phenomenon,  the  modeling  results  for  thermal  conductivity  in  the  in¬ 
plane  direction  may  explain  the  observed  flattening  after  the  critical  thickness.  Figure  1(b) 
suggests  that  above  the  critical  thickness,  disloeations  may  become  the  dominant  scattering  sources 
and  interface  scattering  is  no  longer  important.  Also  shown  in  Fig.  3  is  the  approximate  solution 
given  by  Eq.  (9)  and  it  agrees  well  with  BTE  solution  in  the  very  thin  layer  limit.  In  this  limit,  the 
mean  free  path  of  the  bulk  medium  does  not  influenee  the  superlattice  thermal  conductivity  in  the 
cross-plane  direction.  This  is  different  from  the  in-plane  direction,  for  which  the  limit  solution  of 
very  thin  films  still  depends  on  the  phonon  mean  free  path  [14]. 

Figure  3  also  gives  the  solution  of  the  BTE  when  the  interfaces  scatters  phonons  specularly  .  In 
this  case,  the  predicted  reduction  in  thermal  conductivity  is  not  as  strong  as  the  prediction  obtained 
by  assuming  diffuse  interface  scattering.  It  should  be  pointed  out  that  solutions  of  the  BTE  for  the 
specular  interface  scattering  case  strongly  depend  on  the  mismatches  in  acoustic  impedance  and 
phonon  velocity  between  two  layers.  These  mismatches  are  larger  in  SiGe  superlattices  than  in 
GaAs/AlAs  superlattices.  Correspondingly,  the  effectively  thermal  conductivity  calculated  from 
the  specular  interface  assumption  for  a  100  A  period  GaAs/AlAs  superlattice  is  only  55.3  W/mK,  a 
very  small  reduction  compared  to  the  effective  bulk  value  of  58.7  W/mK  for  such  a  structure. 

In  comparing  with  results  obtained  for  in-plane  direction,  the  following  question  must  be 
answered:  why  the  in-plane  thermal  conductivity  can  be  explained  by  assuming  partially  diffuse 
and  partially  specular  interfaces  while  a  total  diffuse  scattering  interface  assumption  seems  to  be 
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Figure  2  Nondimensionalized  temperature  distribution 
(=C2V2T/4q,  where  q  is  the  heat  flux)  in  one  period  of 
a  Si/Ge  superlattice  (coordinate  normalized  to  the 
average  phonon  mean  free  path  within  each  layer). 
This  figure  shows  that  majority  of  temperature  drop 
occurs  at  interfaces. 


Figure  3  Cross-plane  thermal  conductivity  of  Si/Ge 
superlattices.  This  figure  shows  bulk  value  calculated 
from  Fourier  heat  conduction  theory,  exact  solutions  of 
BTE  for  diffuse  and  specular  interfaces,  limit  solution 
from  Eq.  (9),  and  results  obtained  by  neglecting  thermal 
boundary  resistance  for  diffuse  interfaces. 
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able  to  explain  cross-plane  thermal  conductivity?  The  answer  to  this  question  lies  in  that  the  cross¬ 
plane  direction  modeling  has  heen  based  on  the  gray  medium  assumption,  which  does  not  include 
the  phonon  confinement  effect.  With  this  factor  taken  into  consideration,  we  expect  that  phonon 
scattering  at  interfaces  will  be  in  between  the  diffu.se  and  specular  limits. 

CONCLUDING  REMARKS 

Modeling  results  presented  in  this  work  show  that  available  experimental  data  on  the  thermal 
conductivity  of  supcrlatticcs  could  be  explained  based  on  the  Boltzmann  transport  equation.  For 
in-plane  direction,  the  observed  reduction  in  the  thermal  conductivity  of  supcrlatticcs  is  caused  by 
diffuse  interface  .scattering  while  for  the  cross-pane  direction,  both  diffuse  and  specular  interface 
scattering  proccs.scs  contribute  to  the  thermal  conductivity  reduction.  There  arc  several  issues  that 
mu.st  be  answered  before  a  final  understanding  of  the  thermal  conductivity  can  be  reached.  These 
issues  are:  what  causes  the  diffu.se  phonon  scattering  at  the  interfaces  and  what  arc  the  effect  of 
phonon  wave  interference  and  tunneling  on  the  thermal  conductivity  of  supcrlatticcs. 
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STUDIES  OF  BULK  MATERIALS 
FOR  THERMOELECTRIC  COOLING 


JefFW.  Sharp,  George  S.  Nolas  and  Edward  H.  Volckmann 
Marlow  Industries,  Inc.,  10451  Vista  Park  Rd.,  Dallas,  TX  75238-1645 

ABSTRACT 

We  discuss  ongoing  work  in  three  areas  of  thermoelectric  materials  research:  1)  broad  band 
semiconductors  featuring  anion  networks,  2)  filled  skutterudites,  and  3)  polycrystalline  Bi-Sb 
alloys.  Key  results  include:  a  preliminary  evaluation  of  a  previously  untested  ternary 
semiconductor,  KSnSb;  the  first  reported  data  in  which  Sn  is  used  as  a  charge  compensator  in 
filled  antimonide  skutterudites;  the  finding  that  Sn  doping  does  not  effect  polycrystalline  Bi,.„Sb,; 
as  it  does  single  crystal  samples. 

INTRODUCTION 

This  paper  reports  recent  developments  in  the  three  main  thrusts  of  our  experimental  research. 
Section  I  relates  the  first  testing  of  two  new  candidate  thermoelectric  materials  derived  from  a 
systematic  search:  BaSbj  and  KSnSb.  Section  II  describes  our  exploration  of  filled  skutterudites, 
a  first  attempt  at  creating  a  “phonon-glass,  electron-crystal.”  Section  III  conveys  the  current  state 
of  our  efforts  to  approach  single  crystal  performance  in  polycrystalline  Bii.^Sb,. 

I.  POLYANIONS 

In  another  paper  in  these  proceedings,  we  describe  a  selection  process  used  to  define  new 
thermoelectric  candidates.  In  this  section,  we  report  the  initial  exploration  of  two  compounds 
thus  selected.  Both  are  anisotropic  materials  whose  structures  consist  of  extended  anion 
networks  (polyanions)  that  accommodate  electrons  contributed  by  alkali  cations.  Our  initial 
experiments  have  been  aimed  at  learning  if  the  compounds  have  a  low  lattice  thermal  conductivity, 
3  W  m  ‘  K"’,  and  an  adequate  band  gap.  Eg  a  0. 1  eV. 

For  transport  property  measurements,  the  samples  were  electroplated  with  nickel  if  they  would 
not  solder  directly.  Resistance  measurements  were  made  using  either  true  4-point  measurements 
or  a  pseudo-4  wire  technique  in  which  the  voltage  difference  measured  is  that  of  copper  caps 
attached  to  the  sample.  Probing  of  the  voltage  across  the  sample/copper  cap  interface  showed 
that  the  contact  resistance  was  negligible  for  high  resistivity  (p)  samples.  The  Seebeck 
coefficient,  S,  and  thermal  conductivity,  X,  were  measured  by  direct  methods.  A  nickel-coated 
alumina  chip  was  used  to  create  3  to  5  "C  temperature  differentials  across  the  sample  and  two 
thermal  conductivity  standards  located  above  and  below  the  sample  in  a  column  to  calibrate  heat 
flow.  The  standards  were  calibrated  by  using  thermoelectric  materials  as  the  sample.  Relative  to 
Z-meter  data,  errors  are  less  than  ±3%  and  ±10%  for  S  and  X  respectively.  The  properties  can  be 
measured  from  77  to  400  K. 
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BaSb, 

The  crystal  structure  of  BaSbj  [1]  is  similar  to  that  of  elemental  Sb  (see  Table  I  and  Fig.  1). 
One-third  of  the  Sb  has  three  Sb  neighbors,  and  the  remainder  has  two  Sb  neighbors.  Bond  angles 
in  the  Sb  sublattice  range  from  97°  to  1 13°.  Barium  is  irregularly  coordinated  and  has  10  Sb 
neighbors.  Also,  each  Ba  atom  has  one  Ba  neighbor  at  4.30  A,  about  the  same  as  in  the  element, 
but  this  is  not  considered  a  bond  since  Ba  will  be  reduced  in  size  by  electron  transfer  to  the  Sb 
network.  The  covalent  Sb  network,  high  average  mass  of  the  constituents,  and  highly  coordinated 
Ba  make  BaSbj  one  of  only  a  handful  of  unexplored  binaries  that,  in  our  view,  are  attractive 
thermoelectric  candidates. 


Table  I.  Lattice  description  and 
interatomic  distances  for  BaSb, 


Lattice 

Interatomic  Distances  (A) 

Monoclioic 

Sbl-.Sbl 

2  844  (\1) 

a  =  10.807  A 

Sbl-Sb2 

2.849  (\2) 

b  =  8  519  A 

Sbl-na 

.1  589  (xl) 

c  =  6.471  A 

4.050  (xl) 

p=  112.66' 

Sb2-Sb2 

2.844  (x2) 

C2/m  space  group 

Sb2-13a 

3.485  (xl) 

16  atoms  per  cell 

3.578  (xl) 

3.710 (xl) 

3.794  1x1) _ 

Sb 


Figure  1.  Crystal  structure  of  BaSb,,  viewed  from  slightly  off  the  b  axis.  The  dominant 
structural  feature  is  the  two  dimensional  Sb  net,  which  is  similar  to  that  in  elemental  Sb. 


The  Ba-Sb  phase  diagram  has  not  been  mapped,  but  the  Sr-Sb  system  may  be  a  useful  guide 
since  compounds  with  the  same  stoichiometries  occur  in  the  two  systems.  The  Sr-Sb  compounds 
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are  SrSbj,  SrSb,  SrjSbj  and  Sr,Sb  with  melting  points  of  680  °C,  935  °C,  880  °C  and  840  °C  [2], 
All  except  SrSb  melt  incongruently. 

Synthesis  of  phase  pure  BaSbj  has  been  prevented  so  far  by  violent  reaction  between  the 
constituents  and  reaction  with/adhesion  to  vessels.  In  this  case,  the  problem  of  violent  reactions  is 
made  acute  by  the  high  and  comparable  melting  points  of  Sb  (63 1  °C)  and  Ba  (729  °C).  Solid  Sb 
and  Ba  in  contact  with  one  another  react  quite  slowly  until  a  temperature  of  approximately  600 
°C  is  reached,  at  which  point  the  liberated  heat  rapidly  liquefies  and  agitates  both  constituents. 

The  frozen  Ba-Sb  melts  adhere  strongly  to  graphite,  alumina,  tungsten  and  quartz.  Graphite  (or 
graphite  foil)  may  be  an  especially  poor  choice  of  container  material  since  Ba  intercalates  graphite. 
A  third  problem  with  this  particular  system  is  that  the  other  known  compounds,  Ba^Sb,  BajSbj 
and  Ba5Sb4,  [3]  probably  have  melting  points  in  the  vicinity  of  900  °C,  per  the  Sr-Sb  phase.  High 
temperatures  are  required  to  eliminate  these  phases. 

To  allow  the  reaction  to  begin  at  a  lower  temperature  and  to  occur  more  gradually,  we  replaced 
one  sixth  of  the  Sb  with  Bi.  In  terms  of  amount  of  second  phase  present,  our  best  sample  to  date 
was  obtained  by  heating  BaSb,  jBio,  from  450  to  600  °C  over  a  few  hours,  holding  at  800  °C  for 
15  hours,  quickly  cooling  to  room  temperature,  then  annealing  at  450  °C  for  30  hours.  During 
the  initial  ramp  to  600  °C,  the  elements  react  and  spray  liquid  onto  the  walls  of  the  quartz  tube. 
(Since  the  reaction  tube  tends  to  crack  while  cooling  to  room  temperature,  it  is  advantageous  to 
place  it  within  a  second  tube.)  A  micrograph  and  x-ray  data  for  this  sample  are  shown  in  Figs.  2 
and  3.  A  small  amount  of  a  second  phase  is  apparent  in  Fig.  2.  The  x-ray  data  are  consistent  with 
identifying  this  phase  as  Sb,  though  many  Sb  peaks  overlap  with  those  of  BaSb,,  so  a  definite 
determination  by  x-rays  may  not  be  feasible.  The  diffraction  peaks  of  our  sample  are  shifted 
toward  larger  cell  dimensions  relative  to  BaSbj,  as  is  expected  for  incorporation  of  Bi.  Also, 
there  is  no  evidence  of  BaBij  in  the  x-ray  pattern.  Differential  thermal  analysis  indicates  that  the 
main  phase  in  this  sample  decomposes  into  solid  and  liquid  at  ~  540  °C,  and  becomes  completely 
molten  at  -  630  °C.  If  it  is  tme  that  only  the  desired  phase  and  Sb  are  present  in  the  end  product, 
then  it  may  be  possible  to  synthesize  BaSb,  of  adequate  quality  by  the  procedure  outlined  above  if 
a  small  excess  of  Ba  is  used.  The  room  temperature  p  of  the  sample  shown  in  Fig.  2  is  0.35  mfi- 
cm,  and  A.  is  3.5  W  m"'  K"'.  S  at  room  temperature  is  +17  pV  K"',  and  is  proportional  to  the 
temperature  down  to  at  least  200  K,  indicating  metallic  behavior.  If  we  assume  full  degeneracy  to 
subtract  the  electronic  thermal  conductivity,  then  =  1 .3  W  m"'  K"'.  This  value  is  reasonable, 
considering  that  we  have  made  an  alloy,  but  the  cracks  apparent  in  Fig.  2  may  contribute  to  the 
low  A  measured. 

KSnSb 

As  with  BaSb3,  the  crystal  structure  of  KSnSb  [4],  shown  in  Fig.  4,  is  easily  understood  with 
reference  to  elemental  Sb.  Sn  and  Sb  are  believed  to  be  well  ordered  on  opposite  sides  of  the 
two-layer  leaves  that  make  up  the  covalent  anion  sublattice.  The  bond  angle  in  the  anion  net  is 
97° .  K  lies  between  these  leaves,  occupying  a  layer  across  which  there  are  no  covalent  bonds. 

The  main  interatomic  distances  are  given  in  Table  II.  Calculations  suggest  that  KSnSb  is  a  small 
band  gap,  multivalley  semiconductor  [5]. 
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Figure  2.  Micrograph  (300X  as  seen  here)  of  a  sample  with  starting  composition  BaSb,  jBi,, 
The  minority  phase,  light  patches,  is  believed  to  be  mainly  Sb,  perhaps  alloyed  with  Bi,  X-ray 
data  for  this  sample  is  presented  in  Fig.  3. 


20  30  40  50  60 

2  6 (degrees) 


Figure  3.  X-ray  diffraction  peaks  of  the  sample  shown  in  Fig.  2.  The  lines  are  literature  values 
for  BaSb3  (JCPDS  file,  data  from  ref  I),  and  solid  circles  represent  our  data  A  LaB^  standard 
was  used  to  correct  the  peak  positions.  Our  data  is  shifted  toward  larger  lattice  constants  (lower 
29),  presumably  due  to  incorporation  of  Bi.  The  only  definite  impurity  phase  peak  is  near 
20  =  40°,  and  is  close  to  a  peak  for  Sb. 
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Figure  4.  Hexagonal  crystal  structure  of  KSnSb,  emphasizing  the  covalent,  two  dimensional  Sn- 
Sb  leaves.  K  contributes  an  electron  to  fill  the  valence  band  formed  predominantly  from  Sn  and 
Sb  p  orbitals. 


Table  II.  Lattice  description  and 
interatomic  distances  for  KSnSb. 


Lattice 

Interatomic  Distances 

Hexagonal 

Sb-Sn 

2.925  (x3) 

a  =  4.359 

Sb-K 

3.505  (x3) 

c=  13.150 

Sn-K 

3.650  (x3) 

P6,m«  space  group 

6  atoms  per  cell _ 

To  make  KSnSb,  we  followed  Lii  and  Haushalter  [4]  by  first  reacting  K  (99.95%)  and  Sn 
(99.999%)  (K:Sn  =  1 .02: 1 .00)  at  250  to  300  °C  for  1  hour  in  a  Nj  atmosphere.  After  synthesis  of 
nominally  20  g  of  KSn  in  a  glazed  ceramic  cup,  the  mass  of  the  cup  was  unchanged  to  within  1 
mg,  so  reaction  between  K  and  the  vessel  was  negligible.  The  KSn  was  subsequently  mixed 
stoichiometrically  with  Sb  (99.9999%)  using  a  Sn:Sb  basis. 

In  one  scenario,  5  grams  of  the  mixed  powders  were  cold  pressed  at  60,000  psi  using  tool  steel 
die  and  punches.  The  compacts  were  then  sintered  in  evacuated  and  argon-backfilled  quartz 
tubes.  Tungsten  foil  was  used  to  avoid  contact  between  the  sample  and  tube.  As  these  compacts 
are  heated,  a  significant  amount  of  melting  occurs  at  approximately  500  °C.  Since  the  melting 
points  of  KSn  and  Sb  are  576  °C  and  631  °C  respectively,  it  is  apparent  that  these  constituents 
begin  to  combine  quickly,  and  via  one  or  more  lower  melting  point  intermediates. 


Alternatively,  the  KSn  and  Sb  powders  were  fused  (650  °C  for  10  minutes)  in  an  alumina 
crucible  lined  with  tungsten  foil,  cooled  to  5 10  °C  over  approximately  1  hour,  and  held  at  that 
temperature  for  13  hours.  This  procedure  produced  a  more  dense  sample  (83%  of  the  x-ray 
density  of  KSnSb)  suitable  for  transport  property  measurements  The  measured  properties  are 
presented  in  Fig.  5. 

Both  S  and  X  data  show  the  beginning  of  a  transition  from  extrinsic  to  intrinsic  behavior  in  the 
250  to  300  K  range.  S  peaks  at  300  K  and  begins  to  decrease  as  minority  carriers,  holes  in  this 
case,  are  thermally  excited.  The  usual  T  '  fall  of  X,  which  is  entirely  X^j^cc  at  the  lower 
temperatures  in  Fig.  5,  is  halted  by  the  rise  of  the  bipolar  electronic  contribution  The  p  data  are 
not  as  easily  interpreted. 

It  is  noteworthy  that  an  extremum  of  S  was  found  in  the  measured  temperature  range,  since  the 
band  gap  can  be  estimated  from  these  data  (E^  =  2eSpj^Tp^j^  where  e  is  the  electron  charge)  [6]. 
The  value  obtained  is  0.33  or  0  23  eV,  depending  on  whether  one  assumes  lattice  scattering  or 
point  defect  scattering  respectively  The  latter  is  probably  more  consistent  with  the  fact  that  p 
rises  in  the  extrinsic  range  on  the  low  T  side  of  the  Seebeck  peak  Since  x-ray  data  on  this  sample 
show  broad  humps  with  a  few  weak  peaks,  the  presence  of  point  defect  scattering  is 
understandable.  The  X  data  clearly  show  the  sample  is  not  amorphous,  leading  us  to  deduce  that 
it  has  very  fine  crystallinity.  It  is  expected  that  a  sample  with  a  good  x-ray  pattern  will  also 
exhibit  a  much  higher  carrier  mobility,  leading  to  a  higher  SVp  ratio,  which  is  what  we  are  now 
seeking  to  show. 

The  results  so  far  encourage  us  to  continue  investigations  of  poly  anions,  many  of  which  are 
Zintl  phases  (i.e.,  contain  alkali  metal  or  alkali  earth  cations)  It  is  worth  noting,  though,  that 
powdered  KSnSb  becomes  gummy  in  air,  and  may  ignite  if  ground  in  air  (so  far,  this  is  a  sporadic 
event  and  may  be  associated  with  a  minority  phase).  Also,  an  epoxy  used  for  metallography 
reacted  with  a  solid  piece  of  the  KSnSb  sample.  No  such  problems  were  encountered  with  BaSbj, 
which  is  stable  in  water  for  hours,  even  as  a  coarse  powder  Apparently  we  w'ill  encounter  a 
range  of  chemical  stability  as  we  explore  Zintl  phases. 

II.  FILLED  SKUTTERUDITES 

The  pursuit  of  a  “phonon-glass,  electron  crystal”  for  thermoelectric  applications  has  begun  with 
exploration  of  filled  skutterudites  The  logic  behind  this  approach  is  that  such  materials  would 
possess  electronic  properties  normally  associated  with  good  semiconductor  single  crystals  and 
thermal  properties  normally  associated  with  amorphous  materials  In  the  skutterudite  systems,  for 
example,  with  electronic  properties  as  good  as  those  measured  on  CoSbj  [7]  crystals  and  X,^^  = 
X„,i„  =  0.3  W  m'‘  K"'  (calculated  for  CoSb3)  would  have  ZT  ~  2  at  room  temperature 

The  binary  skutterudites  have  the  cubic  //n3  (T^’)  structure  and  are  of  the  form  ABj  where  A 
represents  a  metal  atom  and  B  represents  a  pnicogen  atom  (A=Co,  Rh,  and  Ir,  and  B=P,  As,  and 
Sb  for  the  nine  binary  semiconducting  compounds  in  this  group)  There  are  eight  formula  units 
per  cubic  unit  cell.  Some  of  the  basic  conditions  for  high  Z,  as  described  by  Slack,  are  met  in 
these  materials:  large  unit  cell,  heavy  constituent  atom  masses,  low  electronegativity  differences 
between  the  constituent  atoms,  and  large  carrier  mobilities  [8].  In  addition,  there  are  two  voids 
per  unit  cell  in  the  structure.  The  chemical  formula  for  IrSbj,  for  example,  can  be  written  as 
IrjD2Sb24  illustrating  the  two  voids  per  unit  cell.  Skutterudites  form  covalent  structures  with  low 
coordination  numbers  for  the  constituent  atoms  and  so  can  incorporate  atoms  in  the  voids.  Many 


96 


(>i/Ari)  S 


97 


different  atoms  have  been  introduced  into  the  voids  of  the  skutterudites.  including  alkali  earth, 
lanthanide,  and  actinide  ions. 

The  interest  in  this  system  for  thermoelectric  applications  is  due  to  the  marked  reduction  of 
^utticc  of  filled  skutterudites  as  compared  to  the  unfilled,  binary  skutterudites  The  void-fillers 
“rattle”  in  their  voids  and  subsequently  effect  phonon  propagation  through  the  lattice  This  was 
first  postulated  by  Slack  and  Tsoukala  [9],  Large  x-ray  thermal  parameters  have  been  observed  in 
filled  skutterudites  [10],  In  both  lanthanide-,  or  rare  earth  (RE),  and  alkali  earth-filled 
skutterudites,  the  thermal  parameter  of  the  void-filler  increases  as  the  ratio  of  its  radius  to  the 
radius  of  the  void  decreases.  This  seems  to  indicate  that  these  filler  ions  “rattle”  in  the  voids  more 
easily  when  they  have  more  room  to  do  so.  Nolas  el  al.  [11]  showed  the  reduction  in 
follows  a  trend  similar  to  that  of  the  thermal  parameter  for  RE-filled  skutterudites  The  “rattling” 
of  these  ions  interacts  with  the  lattice  phonons,  thereby  reducing  their  mean  free  paths 
substantially  below  that  of  the  unfilled  skutterudites 

The  fact  that  filled-skutterudites  possess  low  values  has  been  established  The  aim  now  is 
in  a  more  complete  understanding  of  the  phonon  scattering  mechanism(s)  involved  Further 
degrading  towards  that  of  the  minimum  thermal  conductivity,  A„i„,  [12]  is  a  key  goal 
Indeed,  the  potential  of  this  material  system  for  thermoelectric  cooling  applications  lies  in 
obtaining  low,  glass-like  values  while  maintaining  good  electronic  properties  To  this  end 
more  work  is  needed  in  finding  the  best  void-filler.  One  candidate  is  Bi,  with  a  large  mass  and 
small  electronegativity  difference  with  Sb  In  addition,  heavier/smaller  RE  ions  require 
investigation.  It  seems  plausible  that  the  best  candidates  for  void-filler  would  be  neutral  atoms  or 
molecules.  In  this  way  scattering  of  phonons  would  result,  while  minimal  scattering  of  charge 
carriers  is  realized 

If  ionic  void-fillers  are  used,  more  work  is  needed  in  minimizing  the  degradation  in  the 
electronic  properties,  perhaps  by  finding  the  optimum  charge  compensator  for  the  void-filler  ions. 
Up  to  this  point,  published  data  on  only  Ge  and  Fe  as  charge  compensators  for  RE-filled- 
skutterudites  has  been  investigated.  We  have  begun  work  on  Sn  for  charge  compensation  A 
comparison  of  Hall  data  of  these  samples  with  previously  published  results  is  shown  in  Table  III. 
As  seen  in  Table  III,  the  Sn-compensated  samples  have  a  carrier  concentration,  as  predicted  [13] 
As  outlined  in  Tritt  el  al.  [14],  the  goal  is  to  make  filled  skutterudites  in  which  the  valence 
electron  count  is  exactly  72.0  for  the  formula  units  given  in  Table  III  This  is  the  proper  electron 
count  to  achieve  semiconductivity,  as  explained  in  Dudkin  [15]  and  King  [16]  Whether  the 
carrier  concentration  in  the  samples  shown  in  Table  III  is  caused  by  a  chemical  imbalance 
(departure  from  the  desired  1:3  RE  to  compensator  ratio),  or  whether  it  is  caused  by  a  decrease  in 
the  band  gap  is  not  yet  clear.  It  should  be  noted  that  all  hole  concentrations  given  in  Table  III 
are  too  high  for  a  room  temperature  thermoelectric  However,  decreasing  the  Fe  to  Co  ratio  from 
3:1  has  resulted  in  improved  electronic  properties  [17,  18],  This  has  not  yet  been  investigated  for 
pnicogen-compensated  filled  skutterudites.  It  should  be  noted  that  it  is  also  not  clear  what 
valence,  and  therefore  what  effect,  Fe  has  in  this  system.  Fe  is  known  to  possess  different 
valences,  sometimes  non-integral  “mixed”  valences,  depending  on  its  chemical  environment  Ru 
and  Os  compensation  should  also  be  investigated,  however,  the  valence  states  of  these  in  the 
skutterudite  system  is  also  not  clear. 
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Table  III.  Room  temperature  hole  concentration  for  rare-earth-filled 
_ skutterudites  compensated  with  Ge,  Fe,  and  Sn. _ 


Sample 

Hole  concentration 
(10”  cm-^) 

Reference 

CeFejCoSbij 

440 

17,  18 

IrjLaGegSb, 

88 

11 

LaFejCoSb,, 

36.5 

... 

Ir4LaSn3Sb9 

33.5 

... 

CoiLaSnjSb, 

11.2 

... 

Experimental  and  theoretical  results  from  different  laboratories  have  shown  that  the  skutterudite 
system  has  potential  for  thermoelectric  applications.  The  good  mechanical  properties,  the  low 
thermal  expansion,  and  the  cubic  crystal  structure  are  all  benefits  of  this  system.  The  key, 
however,  is  to  substantially  reduce  X  in  this  structure  while  minimizing  the  degradation  in  the 
electronic  properties.  Although  high  Z  values  have  been  reported  at  high  temperatures,  much 
work  is  still  needed  in  order  to  shift  these  values  down  to  the  room  temperature  range.  In 
addition,  if  this  system  is  to  be  seriously  considered  for  power  generation  applications,  an 
investigation  of  the  thermal  stability  of  its  Z  values,  and  even  its  stoichiometry,  is  imperative. 

III.  POLYCRYSTALLINE  Bii.,Sb, 

The  polyanions  discussed  in  Section  I  have  anisotropic  crystal  structures,  which  is  partly  why 
they  were  selected  for  study.  Maximum  Z  for  these  materials  will  be  obtained  only  if  the  electric 
current  is  passed  along  the  preferred  axis  (or  axes).  On  the  other  hand,  as  crystals,  these 
compounds  may  cleave  easily  in  certain  directions  and  compacted  polycrystalline  forms  would  be 
favored  for  greater  durability  if  such  material  were  put  to  use. 

Bii.,jSbx  alloys  provide  a  classic  example  of  this  problem.  Parallel  to  the  trigonal  planes,  Z  is 
only  60%  of  the  value  perpendicular  to  the  planes.  However,  the  crystals  cleave  very  easily  along 
the  trigonal  planes  making  fabrication  difficult  and  utilization  risky.  Polycrystalline  Bij.^Sb^  that 
does  not  cleave  can  be  made  by  powder  metallurgy  techniques.  But  to  gain  durability  Z  is 
sacrificed  such  that  the  value  obtained  for  the  polycrystalline  form  is  only  marginally  better  than 
for  single  crystals  parallel  to  the  trigonal  planes.  Acceptor  doping  has  been  reported  to 
significantly  increase  Z  of  single  crystals  [19,  20].  This  approach  was  investigated  for 
polycrystalline  BijgSbjj  to  see  if  durable  material,  with  a  higher  Z,  could  be  made. 

The  BiggSb,2  samples  were  prepared  by  melting  the  desired  quantities  of  high  purity  Bi,  Sb  and 
the  acceptor  impurity  Sn  in  sealed  quartz  ampoules.  The  tubes  were  agitated  to  promote 
complete  mixing  of  the  melt,  followed  by  a  water  quench  to  minimize  segregation  during 
solidification.  99.9999  %  Bi  and  Sb  were  used  after  it  was  found  that  the  impurities  in  99.999  % 
raw  materials  produced  significant  variability  in  undoped  samples.  Powders  were  prepared  by 
crushing  the  ingots  via  mortar  and  pestle  so  that  the  particles  would  pass  through  a  screen  with 
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250  (im  openings.  The  powder  was  initially  consolidated  by  cold  pressing  followed  by  a  warm 
loading  step  to  promote  good  interparticle  contact.  S,  p,  and  A  were  determined  using  a  modified 
Harman  method  [21].  It  should  be  noted  that  this  technique  becomes  inaccurate  for  samples  with 
low  ZT  but  such  samples  are  generally  of  less  interest.  Prior  to  testing  from  80  to  300  K,  low 
ohmic  Ni  contacts  were  electroplated  on  the  ends  of  samples,  which  had  typical  dimensions  of  3  8 
mm  X  3.8  mm  x  4,8  mm. 

The  lower  doping  levels  investigated,  50,  100,  300  and  600  ppm  Sn,  cause  S  to  become  less 
negative  than  the  undoped  benchmark  at  the  lower  temperatures  and  more  negative  at  the  higher 
temperatures.  For  these  acceptor  concentrations,  p  increases  with  concentration  over  the  whole 
temperature  range  studied  The  higher  doping  levels  studied,  1000  and  1500  ppm  Sn,  produce 
BiggSb|2  with  p-type  conductivity  at  the  lower  temperatures.  Inversion  from  p-type  to  n-type 
conductivity  occurs  in  these  samples  at  intermediate  temperatures  because  of  the  increasing 
dominance  of  thermally  excited  electrons.  The  resistivities  of  the  samples  with  1000  and  1500 
ppm  Sn  exhibit  maxima  at  the  temperatures  of  inversion  Figure  6  shows  Z  as  a  function  of 
temperature  for  the  different  Sn  concentrations 
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Figure  6.  Temperature  dependence  ofZ  for  Sn  doped  polycrystalline  BijgSb,,  The  low 
temperature  values  of  Z  for  the  samples  with  1 000  and  1 500  ppm  Sn  are  for  p-type 
material.  For  these  samples,  Z  passes  through  0  as  the  material  changes  to  n-type  with 
rising  temperature. 
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The  general  effect  of  adding  the  acceptor  impurity  Sn  to  polycrystalline  BiggSbjj  is  to  shift  the 
Fermi  energy  towards  the  valence  bands.  The  magnitude  of  the  partial  S  of  the  electrons 
increases  while  the  partial  S  of  the  light  holes  decreases  with  increasing  Sn  concentrations.  If  the 
mobilities  were  not  adversely  affected  by  the  Sn  additions,  then  Z  would  be  enhanced  by  such 
shifts  in  the  partial  S.  However  the  mobility,  both  of  the  electrons  and  the  holes,  sharply 
decreases  with  increasing  Sn  concentration.  As  a  result,  no  improvements  of  Z  were  observed 
with  increasing  Sn  concentration.  It  is  interesting  that  Z  of  n-type  Bi,.„Sbg  single  crystals  can  be 
significantly  improved  with  doping,  as  reported  in  the  literature,  but  that  no  improvement  is 
observed  in  the  polycrystalline  material.  It  may  be  that  while  acceptor  additions  cause  marked 
reductions  in  the  carrier  mobilities  in  the  polycrystalline  samples,  this  is  avoided  along  the 
trigonal  axis  of  single  crystals.  A  more  promising  approach  to  improving  Z  of  polycrystalline 
Bi|.gSbg  would  be  to  manipulate  the  grains  so  that  the  trigonal  axes  of  the  grains  are  aligned.  This 
appraoch  is  currently  under  investigation. 

To  achieve  both  near  maximum  performance  and  durability  in  anisotropic  thermoelectrics,  well 
oriented  polycrystalline  forms  are  needed.  For  polycrystalline  Bi,.gSbg  this  means  that  the 
synthesis  method  must  produce  a  strong  degree  of  texture  so  that  the  trigonal  axes  of  the  grains 
are  nearly  parallel. 
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THERMAL  CONDUCTIVITY  OF  Zn4.,Cd,Sb3  SOLID  SOLUTIONS 
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Jet  Propulsion  Laboratory/Califomia  Institute  of  Technology,  4800  Oak  Grove  Drive,  Pasadena, 
CA  91109 

ABSTRACT 

p-ZiuSbs  was  recently  identified  at  the  Jet  Propulsion  Laboratory  as  a  new  high  performance 
p-t)^e  thermoelectric  material  with  a  maximum  dimensionless  thermoelectric  figure  of  merit  ZT 
of  1 .4  at  a  temperature  of  673K.  A  usual  approach,  used  for  many  state-of-the-art  thermoelectric 
materials,  to  further  improve  ZT  values  is  to  alloy  P-ZOjSbs  with  isostructural  compounds 
because  of  the  expected  decrease  in  lattice  thermal  conductivity.  We  have  grown  Zn4_xCdxSb3 
crystals  with  0.2^<1 .2  and  measured  their  thermal  conductivity  from  10  to  500K.  The  thermal 
conductivity  values  of  Zn4.xCdxSb3  alloys  are  significantly  lower  than  those  measured  for  P- 
Zn4Sb3  and  are  comparable  to  its  calculated  minimum  thermal  conductivity.  A  strong  atomic 
disorder  is  believed  to  be  primarily  at  the  origin  of  the  very  low  thermal  conductivity  of  these 
materials  which  are  also  fairly  good  electrical  conductors  and  are  therefore  excellent  candidates  for 
thermoelectric  applications. 

INTRODUCTION 

As  part  of  a  broad  search  for  new,  more  efficient  thermoelectric  materials  conducted  at  the  Jet 
Propulsion  Laboratory,  P-Zn4Sb3  was  recently  identified  as  a  new  high  performance  p-type 
material  [1,2].  P-Zn4Sb3  has  interesting  thermoelectric  properties  in  the  473-673K  temperature 
range  and  a  maximum  dimensionless  thermoelectric  figure  of  merit  ZT  of  1 .4  was  obtained  at  a 
temperature  of  400°C.  One  of  the  features  of  p-Zn4Sb3  is  its  remarkably  low  thermal 
conductivity  with  a  room  temperature  lattice  thermal  conductivity  of  6.5  mW/cmK.  Formation  of 
solid  solutions  is  a  well  known  approach  for  lowering  the  lattice  thermal  conductivity  and  most 
state-of-the-art  thermoelectric  materials  are,  in  fact,  solid  solutions.  The  performance  of  a 
thermoelectric  material  can  be  improved  if  thermal  conductivity  can  be  reduced  without  a  strong 
degradation  in  electrical  properties.  We  started  to  investigate  the  possibility  of  alloying  P-Zn4Sb3 
with  the  only  known  isostmctural  compound,  Cd4Sb3.  This  compound  forms  a  complete  series 
of  solid  solution  with  P-Zn4Sb3  [3].  As  a  first  step  to  assess  the  usefulness  of  Zn4.xCdxSb3  solid 
solutions  for  thermoelectric  applications,  we  have  grown  crystals  and  measured  their  thermal 
conductivity  from  10  to  500K. 

EXPERIMENT 

Zn4.xCdxSb3  crystals  with  0.2^<1 .2  were  grown  by  the  Bridgman  gradient  freeze  technique. 
Zinc  (Zn)  shots  (99.9999%  pure),  cadmium  (Cd)  powder  shots  (99.999%  pure)  and  antimony 
(Sb)  shots  (99.999%  pure)  in  stoichiometric  ratio  were  loaded  into  carbon  coated  quartz 
ampoules  with  pointed  bottom.  The  ampoules  were  subsequently  evacuated  and  sealed  (10‘^ 
Torr).  They  were  then  introduced  in  a  vertical  two-zone  furnace  and  remained  stationary  during 
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the  growth.  A  gradient  of  about  SOK/cm  and  a  growth  rate  of  about  0.7K,/liour  w'ere  used  in  the 
experiments.  Details  about  the  growth  process  can  be  found  elsewhere  [4].  Crystals  of  about  6 
mm  in  diameter  and  up  to  2  cm  long  were  obtained  by  this  technique.  Some  crystals  were  ground 
for  x-ray  diffractometry  (XRD)  analysis  which  showed  that  the  samples  were  single  phase  with  a 
structure  corresponding  to  p-Zn4Sb3.  Microprobc  analysis  (MPA)  also  showed  that  the  samples 
were  single  phase  and  homogeneous  in  composition.  Details  about  microstructurc  analysis 
techniques  can  be  found  elsewhere  [4].  Changes  in  the  Zn  to  Cd  ratio  along  the  grown  ingots, 
inherent  to  the  growth  process  used,  were  found  by  MPA.  Samples  often  presented  macro¬ 
cracks  due  the  phase  transformation  from  Y-Zn4Sb3  to  p-Zn.,Sb3  occurring  upon  cooling  around 
765K.  These  two  phases  presumably  have  different  coefficient  of  expansion,  resulting  in  stresses 
during  cooling  and  causing  the  cracks  fomialion.  Large  grains,  isolated  from  the  ingots,  were  used 
for  thermal  conductivity  and  electrical  resistivity  measurements.  The  samples  were  analyzed  by 
MPA  prior  to  the  measurements  to  detcmiine  their  composition. 

Between  room  temperature  and  500K,  the  thermal  conductivity  of  samples  cut 
perpendicularly  to  the  growth  axis  were  measured  by  a  flash  diffusivity  technique  w'hich  has  been 
deseribed  elsewhere  [5].  The  error  in  the  measurements  was  estimated  at  about  10%.  From  10  to 
300K,  thermal  conductivity  measurements  was  carried  out  by  the  four-probe  steady-state 
technique  which  has  been  described  in  [6].  For  these  measurements,  samples  of  several  mm  long 
were  cut  in  the  shape  of  parallelepipeds  with  a  heat  flow  along  the  longest  axis.  The  error  for 
these  measurements  was  estimated  at  about  1 5%  at  room  temperature  and  decreases  at  low'cr 
temperatures  and  is  about  5%  below  200K  because  the  radiation  losses,  which  is  the  main  source 
of  error,  become  negligible  at  low  temperatures.  The  electrical  resistivity  was  measured  from  1 0 
to  500K  using  the  van  dcr  Pauw  technique  as  described  before  [6,7]. 

RESULTS 

The  thcmial  conductivity  of  p-type  Zn4.xCdxSb3  samples  is  shown  in  Fig.  1  and  is  compared 
to  P-Zn4Sb3  and  some  state-of-the-art  thermoelectric  materials.  Zn4.^Cd,Sb3  alloys  have  the 
lowest  thermal  conductivity  in  the  50-500K  temperature  range.  The  substitution  of  Cd  atoms  for 
Zn  significantly  lower  the  thermal  conductivity  in  the  alloys.  At  room  temperature  the  thermal 
conductivity  of  P-Zn4Sb3  is  9  mW/cmK  whereas  the  values  for  Zn4_„CdxSb3  samples  range  from 
5.5  to  7  mW/cmK  depending  on  the  value  of  x.  Between  10  and  300K,  the  thcmial  conductivity 
of  the  alloys  is  nearly  temperature  independent,  a  signature  of  strong  phonon  scattering  by  point 
defects.  The  phase  transfomiation  occurring  at  263  K  [2]  docs  not  appear  to  result  in  changes  in 
thcmial  conductivity  values  whereas  it  seemed  to  alter  the  electrical  resistivity  values  [9].  The 
low  thcmial  conductivity  values  make  these  p-type  materials  potentially  interesting  for 
optimization  of  their  thcmioclcctric  properties  at  low  temperatures. 

The  effect  of  mass  and  volume  fluctuations  on  the  lattice  thermal  conductivity  of  P-Zn4Sb3  can 
be  evaluated  for  Zn4.,(CdxSb3  alloys  using  the  model  proposed  by  Callaway  and  von  Bacycr  [10]. 
Details  of  the  calculation  can  be  found  in  [  1 1  ].  Experimental  data  for  Zn4Sb3  needed  for  the 
calculations  such  as  the  Debye  temperature,  sound  velocity  and  average  volume  per  atom  in  the 
crystal  can  be  found  in  [2].  The  model  also  requires  to  determine,  in  the  ease  of  volume 
fluctuations,  a  strain  parameter  for  the  substituted  sites  which  w'as  adjusted  by  considering  the 
experimental  lattice  thcmial  conductivity  of  the  alloys.  They  were  calculated  using  the 
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FIG.  1 .  Thermal  conductivity  vs.  temperature  for  p-type  p-ZruSbs  and  p-type  Zn4.xCdxSb3 
alloys.  The  thermal  eonductivity  for  some  state-of-the-art  thermoelectric  materials  is  also  shown 
for  comparison. 

Wiedemann-Franz  law  and  the  measured  electrical  resistivity  (in  the  order  of  2  to  3 ,5  mQcm  for 
all  samples).  A  Lorenz  number  of  2.2  x  10"*  V^/deg^  was  assumed  for  all  samples  and  was 
calculated  according  to  the  doping  level  of  the  samples.  The  strain  parameter  (£,„  )  value  was 
calculated  for  the  Zn  site  by  considering  the  lattice  thermal  conductivity  of  the  Zn2,g4Cdi.i6Sb3 
sample  at  300K.  The  best  match  was  achieved  for  a  value  of  etm=43.  The  results  of  the 
calculations  are  shown  in  Fig.  2  and  compared  to  several  experimental  values. 


FIG.  2.  Effect  of  alloy  scattering  on  the  room  temperature  lattice  thermal  conductivity  of  (3- 
Zn4Sb3.  The  values  were  calculated  as  a  function  of  the  fraction  x  on  the  Zn  site  and  also  on  the 
Sb  site.  The  symbol  o  denotes  experimental  data  for  Zn4.xCdxSb3  alloys. 
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A  maximum  decrease  of  about  30%  in  lattice  thcmial  conductivity  is  predicted  for  a  ZniCdiSb, 
composition  compared  to  P-Zn4Sb3.  For  x=0.5,  a  25%  decrease  is  already  obtained.  In  the  light  of 
these  results,  it  seems  that  efforts  should  primarily  focus  on  the  optimization  of  the  electrical 
properties  of  Zn4,,CdxSb3  solid  solutions  with  0.5<x<l  to  determine  maximum  ZT  values. 

Using  the  same  formalism,  we  have  also  calculated  the  impact  of  substituting  As  for  Sb  in 
hypothetical  Zn4Sb3_xASy  solid  solutions.  We  have  assumed  the  same  strain  parameter  of  £|,n=43 
on  the  Sb  site  in  the  calculations.  The  results,  shown  in  Fig  2.,  indicate  that  the  reduction  in 
lattice  thermal  conductivity  is  smaller  than  for  Zn.,.,Cd,Sb3  alloys,  essentially  because  of  the 
smaller  number  of  sites  substituted  considering  that  mass  and  volume  fluctuations  arc  basically 
the  same  between  Zn  and  Cd,  and  Sb  and  As.  Fig  2.  also  shows  the  calculated  lattice  thermal 
conductivity  when  substitution  occurs  on  both  sites.  The  lowest  calculated  lattice  thermal 
conductivity  is  nearly  4  mW/cniK  for  50%  of  Cd  and  As  substituted  for  Zn  and  Sb,  respectively. 

We  have  calculated  the  lattice  thermal  conductivity  as  a  function  of  the  temperature  using  the 
Wiedemann-Franz  law  using  again  a  Lorenz  number  of  2,2  x  1  O'*  VVdcgl  The  results  arc  shown 
in  Fig  3.  The  lattice  thermal  conductivity  is  low  and  approaches  glass-like  thermal  properties.  It 
was  interesting  to  compare  the  experimental  values  to  the  calculated  minimum  thermal 
conductivity,  a  concept  first  proposed  by  Slack  [12]  and  later  developed  by  Cahill  ct  al.  based  on 
a  model  due  to  Einstein  [1 3]. The  minimum  thermal  conductivity  is  expressed  as  a  sum  of  three 
Debye  integrals  by  [13]: 


The  sum  is  taken  over  the  three  sound  modes  (two  transversal  and  one  longitudinal)  with 
speeds  of  sound  v,.  ku  is  the  Boltzmann’s  constant,  n  the  atomic  density,  T  the  temperature  in  K 
and  0i  =  Vj  (li/2jtk|j)  (bTt^n)''^’.  We  calculated  the  minimum  thermal  conductivity  for  p-Zn4Sb3 
using  the  speed  of  sound  and  atomic  density  values  in  [2],  The  results  arc  shown  in  Fig.  3. 

The  minimum  lattice  thermal  conductivity  for  P-Zn4Sb3  at  room  temperature  is  4.2  mW/cniK 
which  is  only  a  third  lower  than  the  experimental  value  of  6.5  mW/cniK,  For  the  Zn^  84Cd|  ifSb, 
alloy,  the  experimental  value  is  close  to  the  calculated  minimum  value  at  room  temperature  and  is 
lower  for  higher  temperatures  reaching  a  minimum  of  2.5  mW/cniK  at  500K.  At  lOOK,  the  lattice 
thermal  conductivity  of  the  alloy  is  about  three  times  larger  than  the  calculated  minimum.  Cilass- 
likc  thermal  conductivity  have  been  observed  in  highly  disordered  materials  and  crj'stals 
containing  loosely  bonded  atoms  such  as  filled  skuttcruditc  materials  [14-17],  In  contrast,  simple 
monoatomic  substitution  cannot  lead  to  glass-like  thermal  conductivity.  Therefore,  it  is 
remarkable  that  Zn4.„CdxSb3  materials  possess  thcmial  conductivity  similar  to  glass-like  materials 
which  we  believe  is  due  to  a  highly  disordered  structure.  Indeed,  the  cr>'stal  stmeture  of  these 
materials  requires  disorder  on  one  of  the  Sb  sites  for  the  stoichiomctr>'  [18],  In  addition.  Auger 
electron  spectroscopy  pcrfomicd  on  P-Zn.fSb,  crystals  revealed  localized  deviations  from  the 
exact  stoichiometry  [19]  which  suggests  the  presence  of  stnictural  defects  such  as  vacancies 
which  can  produce  strong  phonon  scattering  as  it  has  been  observed,  for  example,  in  InjTcs,  [20], 
Further  evidence  of  the  atomic  disorder  for  Zn4.xCd,Sb3  materials  was  given  by  optical 
absorption  and  reflection  measurements  pcrfomicd  on  P-Zn4Sb3  materials  crystals  [19], 


106 


FIG.  3.  Lattice  thermal  conductivity  vs.  temperature  for  p-type  p-Zn4Sb3  and  p-type 
Zn3,5iCdo,49Sb3  alloy.  The  solid  line  is  the  calculated  lattice  thermal  conductivity  for  P-Zn4Sb3 
using  equation  (1). 

CONCLUSIONS 

We  have  measured  the  thermal  conductivity  of  Zn4.xCdxSb3  materials  with  0.2x<l  .2  between 
10  and  500K.  The  results  show  that  these  materials  exhibit  very  low  thermal  conductivity 
comparable  to  the  calculated  minimum  thermal  conductivity  of  p-Zn4Sb3  around  room 
temperature.  It  is  believed  that  a  high  atomic  structural  disorder  is  essentially  responsible  for 
these  low  values.  Most  of  the  materials  having  glass-like  thermal  conductivity  are  poor  electrical 
conductors  and  therefore  are  of  little  interest  for  thermoelectric  applications.  In  contrast, 
Zn4.xCdxSb3  materials  are  fairly  good  electrical  conductors  with  electrical  resistivity  in  the  2  to 
3.5  mGcm  range  and  appear  to  be  excellent  candidates  for  thermoelectric  applications.  Future 
efforts  will  focus  on  the  investigations  and  optimization  of  their  electrical  properties. 
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Abstract 

TiNiSn,  ZrNiSn  and  HfNiSn  are  members  of  a  large  group  of  intermetallic  compounds 
which  crystallize  in  the  cubic  MgAgAs-type  structure.  Polycrystalline  samples  of  these 
compounds  ha,ve  been  prepared  and  investigated  for  their  thermoelectric  properties.  With 
thermopowers  of  about  —200  /.iV/K  and  resistivities  of  a  few  mflcm,  power  factors 
as  high  as  38  pW/K^cm  were  obtained  at  700  K.  These  remarkably  high  power  factors 
are,  however,  accompanied  by  a  thermal  conductivity  which  is  too  high  for  applications.  In 
order  to  reduce  the  parasitic  lattice  thermal  conductivity,  solid  solutions  Zri-iHfjNiSn, 
Zri_iTiiNiSn,  and  Hfi_iTiiNiSn  were  formed.  The  figure  of  merit  of  Zro.sHfo.sNiSn  at 
700  K  {ZT  =  0.41)  exceeds  the  end  members  ZrNiSn  (ZT  =  0.26)  and  HfNiSn  {ZT  =  0.22). 

Introduction 

There  are  a  number  of  ternary  intermetallic  compounds  with  equiatomic  composition  ABX 
where  A  is  a  transition  metal  from  the  left  side  of  the  periodic  table  (titanium  or  vanadium 
group  elements),  B  a  transition  metal  from  the  right  side  of  the  periodic  table  (iron,  cobalt 
or  nickel  group  elements),  and  X  is  one  of  the  main  group  elements  Sn,  Sb,  or  Ga  [1].  Of  the 
39  compounds  known  so  far,  24  crystallize  in  the  cubic  MgAgAs-type  structure,  whereas 
the  others  exhibit  a  hexagonal  FeP2-type  structure  [2,3]. 

TiNiSn,  ZrNiSn  and  HfNiSn  have  attracted  attention  during  the  past  years  due  to 
their  unusual  transport  properties.  The  compounds  crystallize  in  the  cubic  MgAgAs-type 
structure  (space  group  F43m)  with  lattice  parameters  of  5.94  A,  6.11  A  and  6.08  A, 
respectively  [Ij.  The  unit  cell  of  ZrNiSn  is  shown  in  Fig.  1.  It  contains  four  Zr  atoms  in  the 
4b  positions  (1/2, 1/2, 1/2),  four  Sn  atoms  in  the  4<i  positions  (0,  0,  0),  and  four  Ni  atoms  in 
the  positions  (1/4, 1/4, 1/4).  The  structure,  therefore,  consists  of  four  interpenetrating 
fcc-lattices:  a  lattice  of  Zr  atoms  and  a  lattice  of  Sn  atoms  forming  a  rock  salt  structure, 
a  lattice  of  Ni  atoms  occupying  the  centers  of  every  other  cube,  and  an  ordered  lattice 
of  vacancies  [4].  When  the  lattice  of  vacancies  is  filled  up  with  additional  Ni  atoms  one 
obtains  ZrNi2Sn,  a  “Heusler  compound”  with  a  cubic  MnCu2Al-type  structure. 

Aliev  et  al.  investigated  the  temperature  dependence  of  the  resistivity  of  MNiSn  com¬ 
pounds  (M  =  Ti,  Zr,  Hf)  and  found  them  to  be  narrow  band  gap  semiconductors  with 
band  gaps  of  Eg  ~  0.12  eV,  0.18  eV  and  0.22  eV,  respectively  [6].  The  compounds  were 
also  found  [7]  to  exhibit  large  thermopowers,  making  them  promising  candidates  for  ther¬ 
moelectric  applications. 

In  an  earlier  study  [8]  we  have  grown  single  crystals  of  TiNiSn  and  ZrNiSn  from  a 
tin  flux  and  measured  their  thermoelectric  properties.  The  ZrNiSn  single  crystal  achieves 
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Fig.  1.  Ciiliir  unit  roll  of  ZrNiSn.  The  .small 
empty  circles  represent  vacancies. 


a  power  factor  of  S'^/p  =  35  //W/K^cm  at  400  K.  hut  its  tliermal  conductivity  (k  = 
17  X  10“^  W/Kc.m  at  300  K)  docs  not  allow  for  a  thermoelectric  figtire  of  merit 

C2 

Z=—  (1) 

f>K 

which  is  large  enongh  for  thermoelectric  apitlications. 

Significantly  lower  lattice  thermal  condnetivities  are  to  he  expected  when  polycrys- 
talline  samples  are  used  instead  of  single  crystals.  The  lattice  thermal  condnetivity  in  a 
given  class  of  solids  also  tends  to  he  lower,  the  higher  the  mean  atomic  weight  is.  And  even 
lower  lattice  thermal  conductivities  are  to  he  expected  when  solid  solutions  of  two  or  more 
compounds  are  formed. 

With  these  guiding  ])rinripl('s  in  mind,  we  prepared  polycrystalline  samples  of  TiNiSn. 
ZrNiSn  and  HfNiSn  as  well  as  ciuasi-binary  solid  .sohitions  of  the  compounds.  The  thermo¬ 
electric  properties  of  the  samples  will  he  discussed. 

Experiment 

Samples  of  composition  MNiSn  (M  =  Ti,  Zr,  Hf).  Zri _j.Hfj-NiSn  (.r  =  0.15,0.3.0.5). 
Zri_3-TiiNiSn  (.r  =  0.15,0.3,0.5)  and  Hf| _,rTij-NiSn  (x  =  0.5)  were  prepared  by  melting 
together  the  following  elements  in  an  arc  furnace  under  a  zirconiurn-gettered  argon  at¬ 
mosphere:  Ti  (Teledyiie  Wah  Chang.  5N,  RRR  =  350),  Zr  (Teledyiie  Wah  Chang.  3N4. 
RRR  =  420),  Hf  (Teledyiie  Wall  Chang.  3N4).  Ni  (MRC.  grade  v.p.,  RRR  =  CO),  and  Sii 
(Cominco,  5N).  Sainjilcs  were  turned  over  and  reinelted  several  times  to  ensure  homogene¬ 
ity.  The  resulting  buttons  were  wrapped  in  tantalum  foil  and  annealed  at  850  "C  for  two 
days  in  evacuated  quartz  ampoules.  Bars  with  dimensions  0.6  x  1.1  x  8  mm'^  were  rut  from 
the  renter  portions  of  the  buttons  with  a  diamond  wheel  saw. 

Powder  diffraction  patterns  of  the  samples  were  recorded  on  a  Philijis  PW-1710  powder 
diffractometer.  LaBc,  was  used  as  standard.  The  thermopower  was  measured  with  an  MMR 
SB-100  Seeheck  controller  in  the  range  85  500  K.  Four-wire  set-ups  were  used  for  the 
resisitivity  measurements  at  low  (5-360  K)  and  at  elevated  (300  700  K)  temperatures. 
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Thermal  conductivities  were  measured  in  the  range  85-360  K  using  a  steady-state  method 
(axial  heat  flow  apparatus).  Silver  epoxy  was  used  to  attach  contacts  to  the  samples  in  all 
measurements. 

Results 

MNiSn  (M  =  Ti,  Zr,  Hf):  The  ZrNiSn  and  HfNiSn  samples  were  single  phase  with 
lattice  parameters  of  a  =  6.113(1)  A  and  6.079(1)  A,  respectively.  A  lattice  parameter  of 
5.927(1)  A  was  found  for  TiNiSn,  with  traces  of  Ti2Ni  visible  in  the  powder  diffraction 
pattern. 

The  thermopowers  and  resistivities  of  the  samples  are  shown  in  Fig.  2.  All  of  the  sam¬ 
ples  exhibit  negative  thermopowers  (n-type  behavior)  with  room  temperature  values  of 
-238  /rV/K  (TiNiSn),  -143  /ixV/K  (ZrNiSn),  and  -124  /uV/K  (HfNiSn).  The  thermopow¬ 
ers  can  be  well  described  by  second  degree  polynomials  in  the  temperature  ranges  indicated 
by  dashed  lines  in  Fig.  2.  The  temperature  dependence  of  the  resistivities  are  typical  of 
impurity  conduction  below  room  temperature.  They  turn  into  an  intrinsic  semiconducting 
behavior 

above  ~  400  K.  The  band  gap  parameters  of  TiNiSn,  ZrNiSn  and  HfNiSn  are  found  to  be 
Eg  «  0.15  eV,  0.13  eV  and  0.19  eV,  respectively. 


T  [K]  T  [K] 

Fig.  2.  Thermopowers  S  and  resistivities  p  of  MNiSn  (M  =  Ti,  Zr,  Hf)  compounds  and  of  the 
Zro.sHfo.sNiSn  alloy.  Dashed  and  solid  lines  in  the  left  figure  represent  least  squares  fits  of  second 
order  polynomials  to  the  data. 
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The  jiGwer  fartors  j p  anrl  tliernial  conductivities  k  of  i\/NiSn  compounds  are  sliown 
in  Fig.  3.  The  power  factors  incrca.se  monotonically  with  increa.sing  temperature  and 
achieve  values  of  38  //W/K^cm  (TiNiSn),  28  //W/K^cm  (ZrNiSn),  and  20  /(W/K^cm 
(HfNiSn)  at  700  K.  The  temperature  dependence  of  tlie  tlierma!  conductivities  can  he 
described  by 

^  (3) 

with  temperature  independent  parameters  o  and  h  between  85  K  and  room  temperature. 
This  behavior  is  typical  of  the  lattice  thermal  conductivity  h'l  of  seniiconductors  above  the 
Debye  temperature.  Slight  jxisitive  deviations  from  this  behavior  become  ai)parent  above 
room  temperature,  indicating  that  electronic  contributions  sy.  to  the  thermal  conductivitv 
gain  in  importance  at  higher  temperatures. 


T  [K]  T  [K] 

Fig.  3.  Power  fartors  S' / p  anrl  tlierinal  conrliirtivitios  k  of  .47XiSii  (A/  =  Ti.  Zr.  Ilf)  ronipnniids 
and  of  the  Zr(i,,r,  llfi.,'-,  NiSn  alloy.  Dashed  and  solirl  litu's  in  th('  h'ft  figure  are  bast'd  on  ext  rajttdat  ions 
of  t hernioi)f)wers  as  shown  in  f^ig.  2. 


If,  for  simirlicity,  the  tluTinal  roniluctivities  at  300  K  are  used  to  estimatt'  the  figures 
of  merit,  values  of  ZT  «  0.29  (TiNiSn),  0.2G  (ZrNiSn),  and  0.22  (HfXiSn)  are  obtained  at 
700  K. 

Zri_,THf;,:NiSn  (x  =  0.15,  0.3,  0.5);  The  powder  diffraction  patterns  of  these  alloys 
exhibit  distinct  and  narrow  diffraction  ])eaks.  There  are  no  impurity  phases  visibh'  in  the 
patterns.  The  lattice  ])arameters  of  the  alloys,  0.104(1)  A.  6.100(1)  A  and  0.095(1)  A, 
respectively,  vary  smoothly  between  the  end  members,  indicating  the  formation  of  a  solid 
solution.  The,  powder  diffraction  jrattern  of  Zro  5Hf|j..sNiSn  is  shown  in  Fig.  4. 
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The  thermopowers  and  the  resistivities  of  the  alloys  don’t  show  a  marked  dependence 
on  composition.  The  thermal  conductivities  of  the  alloys,  however,  are  significantly  lower 
than  those  of  the  end  members.  The  room  temperature  thermal  conductivities  of  the  alloys 
are  shown  in  Fig.  5.  A  minimum  thermal  conductivity  of  K300  =  4.38  x  10“^  W/Kcm 
is  found  for  x  =  0.5.  The  temperature  dependence  of  the  thermoelectric  parameters  of 
Zro.sHfo.sNiSn  are  also  shown  in  Figs.  2  and  3.  The  resistivity  of  the  alloy  obeys  Eq.  (2) 
with  a  band  gap  of  Eg  w  0.16  eV  above  400  K. 

The  power  factor  of  Zro.sHfo.sNiSn,  26  /rW/K^cm  at  700  K,  is  slightly  less  than  that 
of  ZrNiSn.  But  due  to  its  lower  thermal  conductivity  an  improved  thermoelectric  figure  of 
merit  is  achieved:  ZT  «  0.41  at  700  K. 

Zri_a:Tij;NiSn  {x  =  0.15,  0.3,  0.5)  and  Hfi_a,TixNiSn  (a:  =  0.5):  The  powder 
diffraction  patterns  of  these  samples  differ  from  the  Zrj-iHfiNiSn  alloys  in  that  the 
diffraction  peaks  are  rather  broad.  It  is  not  clear  at  the  moment  whether  this  behav¬ 
ior  is  caused  by  a  structural  distortion  or  if  the  alloys  are  two-phase  mixtures  of  ZrNiSn 
(or  HfNiSn)  and  TiNiSn.  Some  of  the  samples  exhibit  room  temperature  thermopowers  as 
high  as  —370  /xV/K,  accompanied,  however,  by  relatively  high  resistivities.  The  thermal 
conductivities  of  the  alloys  are  significantly  lower  than  those  of  the  end  members  (Fig.  6). 
The  thermoelectric  figures  of  merit  of  Zro.sTio.sNiSn  and  Hfo.sTio.sNiSn  at  700  K  are 
ZT  ~  0.25  and  0.34,  respectively. 

Conclusions 

Polycrystalline  samples  of  TiNiSn,  ZrNiSn,  and  HfNiSn  have  been  prepared  by  arc  melt¬ 
ing.  The  samples  show  n-type  behavior  with  room  temperature  thermopowers  around 
—200  /TV /K.  The  compounds  are  narrow  band  gap  semiconductors  with  Eg  =  0.13-0.19  eV. 
The  thermal  conductivities  of  the  compounds  are  dominated  by  the  lattice  contributions 
and  can  be  lowered  significantly  by  alloying.  Formation  of  a  quasi-binary  solid  solution 
is  observed  between  ZrNiSn  and  HfNiSn.  The  figure  of  merit  of  Zro.sHfo.sNiSn  at  700  K 
{ZT  =  0.41)  exceeds  the  end  members  ZrNiSn  {ZT  =  0.26)  and  HfNiSn  {ZT  =  0.22). 
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Fig.  5.  TlicrniHl  roiKlurtivitios  of  Zii-j  llf.,-  Fig.  6.  Tlicrnial  coiirliirtivitirs  of  Zn-x  l  ij-- 
NiSii  aJloy.s  at  room  loinporatiiro.  Tlio  Hashed  NiSii  (lop)  and  11  f| _iTix NiSn  (liottoin)  alloys 
line  is  a  guide  for  the  eye.  al  room  temperature. 
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ABSTRACT 

Compositionally  graded  p-type  Bi-Sb-Te  thermoelectric  material  was  synthesized  by  PIES 
(Pulverized  and  Intermixed  Elements  Sintering)  method.  The  materials  consisted  of  three 
segmented  regions  of  different  alloy  composition,  i.e.  y  =  0.8/0.825/0.9  in  (Bi^Te,)!  ^(SbjTe^)^ 
system.  It  was  found  that  the  electrical  power  output  of  the  compositionally  graded  material  was 
larger  than  that  of  the  best  single  composition  material  when  the  temperature  difference  was  the 
designed  value. 

INTRODUCTION 

Bi-Sb-Te  ternary  alloy  is  one  of  the  best  material  for  thermoelectric  application  in 
temperature  range  from  300K  to  500K,  Over  the  past  thirty  years  a  considerable  number  of  studies 
have  been  carried  out  on  the  related  alloys  and  up  today  the  highest  figure  of  merit  ZT=  0,96  has 
been  achieved  forp-type  single  crystal[l].  Further  improvement  seems  to  be  difficult  by  optimizing 
the  alloy  composition  and  quality  of  the  crystal.  On  the  other  hand,  from  the  viewpoint  of 
application,  thermoelectric  materials  are  usually  used  under  large  temperature  difference.  The  ZT 
value  of  the  material  should  be  large  in  wide  temperature  range,  i  .e.  the  average  ZT  value  has  to  be 
large.  The  ZT  value  of  Bi-Sb-Te  based  alloy,  however ,  strongly  depends  on  temperature  and  has  a 
maximum  value  at  a  certain  temperature. 

In  order  to  average  the  peaky  ZT  value  some  concepts  for  materials  designing  such  as 
Functionally  Graded  Materials  have  been  proposed  in  earlier  studies[2,  3].  These  proposals  were 
concluded  in  promising  prospect  of  introducing  these  materials,  but  they  did  not  consider  the 
negative  aspects  due  to  interfaces  which  are  inevitably  incorporated  in  the  material  and  it  seems 
difficult  to  argue  about  the  enhancement  in  the  performance  without  experimental  data. 

In  this  study  compositionally  graded  Bi-Sb-Te  ternary  alloy  was  fabricated  by  PIES  method 
to  demonstrate  the  effect  of  graded  structures.  Three  different  alloy  powders  were  compacted 
together  and  hot-pressed  so  that  harmful  interfaces  were  eliminated.  Experimental  results  on  output 
power  characteristics  of  the  material  under  large  temperature  differences  were  compared  with  the 
theoretical  estimation  of  it. 
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EXPERIMENT 

PIES  method 

PIES  method  (Pulverized  and  Intermixed  Elements  Sintering  method)  is  one  of  the  most 
promising  sample  preparation  techniques  for  mass  production  of  thermoelectric  materials  Figure  1 
shows  the  flow  diagram  of  sample  preparation  by  PIES  method.  The  method  consists  of  two  simple 
processes.  The  first  one  is  ball-milling  process  where  raw  powder  elements  are  intermixed  and 
pulverized  by  mechanical  energy  input.  In  this  process,  the  powder  forms  a  solid  solution  without 
any  temperature  increment.  The  second  one  is  sequent  sintering  process  where  the  powder  is 
compacted  in  a  temperature  much  below  its  melting  point  by  using  hot-pressing  (HP) ,  hot  isostatic 
pressing  (HIP)  or  plasma  activated  sintering  (PAS).  Samples  made  by  PIES  method  usually  have 
very  fine  grains  which  favor  a  reduction  in  the  thermal  conductivity  and  an  enhancement  in  the 
mechanical  strength.  PIES  method  does  not  require  an  intricate  process  such  as  sealing  in  a  quartz 
ampoule ,  melting  in  Rocking  furnace  and  grinding  and  sieving  which  all  are  used  in  conventional 
melt  techniques.  A  series  of  measurements  on  p-type  Bi-Sb-Te  alloy  prepared  by  PIES  method  has 
already  proved  its  high  potential,  i.e  ZT values  are  the  same  level  as  conventional  melt  samples. 
The  process  has  been  employed  in  many  other  materials[4-8] 

In  this  study  99,999%  purity  Bi,  Sb  and  Te  powdered  elements  were  used  as  starting 
materials.  Hot  pressing  method  was  employed  as  a  sintering  process.  Hot  pressing  conditions  were 
753K,  400kgf/cm^  for  one  hour.  Typical  sizes  of  hot-pressed  specimen  were  lOmm^x  5mm  and 
specimens  were  sliced  into  1mm  thick  disk  shape.  The  density  of  specimen  measured  by 
Archimedes'  method  were  more  than  98%  of  the  ideal  value. 

Measurement 

The  Seebeck  coefficients  were  calculated 
from  measured  thermoelectric  power  with 
temperature  difference  of  lOK  The  electrical 
resistivity  measurements  and  Hall  measurements 
were  performed  by  van  der  Pauw  method.  The 
thermal  conductivities  were  calculated  from  the 
thermal  diffusivity,  the  specific  heat  and  the 
density.  The  thermal  diffusivities  and  the  specific 
heats  were  measured  by  laser  flash  method  and 
differential  scanning  calorimeter  (DSC)  , 
respectively. 


Figure  1.  Procedure  of  sample  preparation 
by  PIES  method 
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Compositionallv  Graded  Sample 

In  this  study  compositionally  graded  samples  were  fabricated  to  prove  the  enhancement  in 
output  characteristics.  Through  the  study  on  a  compositional  dependence  of  thermoelectric 
properties,  segmentation  structure  of  y  =  0.80  /  0.825  /  0.9  was  selected  where  y  indicated  the 
Sb2Te3  fraction  in  (BijTe3),  ^^(SbjTej)^,  system. 

In  the  experiment  compositionally  graded  samples  were  prepared  by  piling  the  alloyed 
powders  of  different  composition  at  a  charge  process  into  graphite  dies  before  hot-pressing.  This 
technique  was  performed  quite  well  since  no  cracking  was  observed  at  the  interfaces  inside  the 
sample  and  there  were  not  any  unfavorable  effects  on  the  mechanical  strength.  Sample  dimensions 
were  2mm  x  2mm  x  5mm.  The  sample  was  hold  between  nickel  electrodes  which  applied  a 
temperature  difference  to  the  sample.  Current  leads  and  voltage  leads  were  also  attached  to  nickel 
electrodes  and  the  V- 1  characteristic  of  the  sample  was  measured  by  varying  an  external  load. 

RESULTS 

Thermoelectric  Properties  of  PIES  samples 

The  compositional  dependence  of  carrier  density  of  PIES  sample  has  been  reported  in 
earlier  work[5].  The  results  showed  that  the  carrier  density  strongly  depended  on  the  composition 
and  samples  of  Sb^TOj  fraction  y  >  0.7  showed  p-type  conduction  while  those  of  y  <  0.7  showed  n- 
type  conduction.  This  result  is  quite  different  from  the  results  of  typical  Bi-Sb-Te  alloy  which  is 
made  by  melt  process[9].  Here  we  focus  on  the  p-type  region  for  further  consideration. 

Figure  2,  3  and  4  are  the  temperature  dependence  of  Seebeck  coefficient,  resistivity  and 
thermal  conductivity  as  a  function  of  composition.  The  lines  in  Figure  2  and  3  vary  in  order  of 
composition  y  and  clearly  each  peak  of  line  shifts  to  higher  temperature  range  as  composition  y 


Figure  2.  Temperature  dependence  of 
Seebeck  coefficient 
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Figure  3.  Temperature  dependence  of 
resistivity 


Figure  4.  Temperature  dependence  of 
thermal  conductivity. 


Figure  5.  Temperature  dependence  of  figure 
of  merit. 


increase.  This  peak  shift  may  account  for  change  of  the  carrier  density  which  strongly  depend  on 
the  alloy  composition  y. 

Figure  5  shows  the  temperature  dependence  of  dimensionless  figure  of  merit  ZT  values 
which  are  calculated  from  data  shown  in  Figure  2,  3  and  4.  The  highest  figure  of  merit  value 
0.88  is  obtained  at  340K  in  sample  of  y  =  0.825.  There  are  overlaps  between  each  temperature 
dependence.  This  means  a  possibility  of  an  enhancement  in  conversion  efficiency  through 
graded  sample.  For  example,  a  compensative  combination  of  curves  of  y=  0.825  and  y=0.9  in 
Figure  5  will  produce  larger  average  ZT value  in  the  temperature  range  from  300K  to  500K 


Compositionallv  Graded  Sample 

Compositionally  graded  sample  consisted  of  three  segments,  y  =  0.8,  0.825  and  0.9.  It  was 
5mm  in  height  and  its  cross  section  area  was  5x5  mm^  The  sample  was  designed  so  that  each 
segmented  region  had  the  same  thickness  for  design  simplification,  however,  it  was  not  the  best 
compositional  distribution.  Compositional  distributions  were  confirmed  by  Energy  Dispersive  X- 
ray  spectroscopy  as  shown  in  Figure  6.  Figure  7  shows  the  expected  distributions  of  resistivity  and 
Seebeck  coefficient  along  the  temperature  gradient  in  the  sample  under  conditions  of  T„=500K  and 
T^=300K,  i.e.  AT=200K. 

First  the  output  power  values  of  the  compositionally  graded  and  single  composition  samples 
were  calculated  numerically  from  the  value  of  the  total  electrical  resistance  and  thermoelectric 
power  of  them.  The  electrical  resistance  R.  and  thermoelectric  power  E  are  given  by 

^ ^  ^ 

p(T)  and  a(T)  are  given  by  figure  2  and  3  for  the  single  composition  samples  and  figure  7  for  the 
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Figure  6.  Bi,  Sb  and  Te  contents  in  Figure  7.  Distributions  of  the  resistivity  and 

compositionally  graded  sample  measured  by  Seebeck  coefficient  of  the  graded  sample. 

Energy  Dispersive  X-ray  specroscopy . 

graded  sample.  The  maximum  electrical  power  output  is  given  by 

where  R  is  the  contact  resistance  at  the  interfaces  between  nickel  electrodes  and  the  sample. 
The  results  of  calculation  are  summarized  in  Table  I.  Output  Power  of  the  graded  sample  is  larger 
than  those  of  single  composition  samples  at  AT=200K  in  which  condition  the  graded  one  is 
designed.  This  is  due  to  the  positive  effect  of  the  compositionally  graded  structure. 

Second  we  measured  the  output  power  P  as  a  function  of  current  I  for  respective  samples 
listed  in  Table  I.  The  results  are  shown  in  Figure  8.  The  existence  of  influences  the  output 
power  directly  and  it  seems  to  be  the  main  reason  that  all  the  values  in  Figure  8  are  lower  than  the 
estimated  values  listed  in  Table  I.  In  the  figure  output  power  of  the  graded  sample  is  larger  than 
those  of  single  composition  samples  at  temperature  difference  of  200K,  i  .e.  Tjj=500K.  On  the  other 

Table  I.  Calculated  maximum  output  power  under  conditions  :  Tj^=300K  , 


AT(K) 

Electrical  Output  (mW) 

Graded  sample 

Single 

composition  samples 

V=0.8/0.825/0.9 

v=0.8 

v=0.825 

V=0.9 

100 

5.103 

5.091 

5.513 

4.165 

150 

11.19 

10.49 

11.50 

9.423 

200 

19.11 

16.70 

18.72 

16.51 
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hand  output  power  of  y=0.825  sample  is  the 
largest  and  the  positive  effect  is  not  observed 
in  the  graded  sample  when  the  temperature 
difference  is  150K  and  lOOK.  These  results  are 
consistent  with  the  calculation  which  is  based 
on  respective  data  shown  in  Figure  2  and  3. 

As  shown  in  Figure  8  the  maximum 
power  output  produced  by  the  graded  sample 
was  1 1.6mW  which  was  8.6%  larger  than  that 
of  y=0.825  sample  at  the  designed  temperature 
difference(AT=200K).  Thus  the  validity  of 
compositionally  graded  designing  in  p-type 
Bi-Sb-Te  alloy  was  indicated  experimentally. 


Current  /  mA 

Figure  8  Output  power  characteristics  of 
y=0. 8, 0.825, 0.9  single  composition  samples 
and  compositionally  graded  sample  T|^=300K. 


CONCLUSIONS 

In  this  paper  preparation  and  characterization  of  compositionally  graded  thermoelectric 
material  of  (BijTe,)|  ^(SbjTej)^  system  were  discussed.  The  preparation  of  compositionally  graded 
materials  and  of  several  homogeneous  materials  was  successfully  performed  by  using  PIES 
method  and  the  figure  of  merit  showed  a  maximum  value  of  ZT  =  0  88  for  y  =  0  825  at  340K 
Output  power  of  the  compositionally  graded  material  was  measured  under  temperature 
difference  of  100,  150  and  200K  The  electrical  power  output  of  the  graded  sample  was  8  6%  larger 
than  that  of  the  best  single  composition  sample  at  designed  temperature  difference  of  200K  The 
enhancement  in  output  power  is  caused  by  the  compositionally  graded  structure  of  the  material  and 
the  validity  of  it  was  indicated  experimentally. 
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ABSTRACT 

Thermoelectric  properties  of  polycrystalline  (Bii-xSbx)2Te3  (0,75  ^  x  ^  0.85),  fabricated  by 
mechanical  alloying  and  hot  pressing  methods,  have  been  investigated.  Formation  of 
(Bio,25Sbo.75)2Te3  alloy  powder  was  completed  by  mechanical  alloying  for  5  hours  at 
ball-to-material  ratio  of  5  :  1,  and  processing  time  for  (Bii-xSbx)2Te3  formation  increased  with 
Sb2Te3  content  x.  When  (Bio,25Sbo.75)2Te3  was  hot  pressed  at  temperatures  ranging  from  300  °C 
to  550'C  for  30  minutes,  figure-of-merit  increased  with  hot  pressing  temperature  and 
maximum  value  of  2.8  x  lO'^/K  could  be  obtained  by  hot  pressing  at  550 "C,  When  hot 
pressed  at  550 "C,  (Bio.2Sbo.8)2Te3  exhibited  figure-of-merit  of  2.92  X  10  VK,  which  could  be 
improved  to  2.97  X  10"^/K  with  addition  of  1  wt%  Sb  as  acceptor  dopant. 

INTRODUCTION 

Thermoelectric  modules  have  been  widely  utilized  to  cool  electronic  devices  such  as 
integrated  circuit  packages,  laser  diodes  and  IR  detectors,  because  quick  and  precise  control  of 
temperature  is  possible  with  almost  no  noise  during  operation  [1,2].  As  p-type  materials  for 
Peltier  coolers  used  near  room  temperature,  single  crystal  and  polycrystalline  (Bi,Sb)2Te3  alloys 
have  been  extensively  investigated  and  thermoelectric  figure-of-merit  of  (Bi,Sb)2Te3  alloys 
was  optimized  with  composition  near  (Bio.25Sbo.75)2Te3  [1-4]. 

As  a  new  processing  technique,  mechanical  alloying  has  been  applied  to  prepare 
polycrystalline  thermoelectric  materials  in  recent  years  [4-6].  Mechanical  alloying  is  a 
technique  in  which  intermetallic  compound  or  alloy  powders  are  fabricated  from  elemental 
powders  through  a  sequence  of  collision  events  inside  a  high  energy  ball  mill.  Since 
mechanical  alloying  occurs  near  room  temperature,  this  technique  can  be  a  cost-saving 
process  for  the  production  of  polycrystalline  thermoelectric  materials  compared  to  the 
conventional  "vacuum  melting/grinding"  process  where  a  long  processing  time,  and  high 
temperature  and  large  scale  facilities  are  required  [4-6].  Also  vaporization  of  calcogenide 
elements,  such  as  Te,  and  segregation  of  dopants  may  be  prevented  in  powders  produced 
by  mechanical  alloying,  as  melting  process  is  not  involved  during  powder  processing  [5,7]. 

In  this  paper,  thermoelectric  properties  of  polycrystalline  (Bii-xSbxlzTes  (0,75  S  x  ^  0.85), 
fabricated  by  mechanical  alloying  and  hot  pressing  have  been  investigated  with  variahon  of 
Sb2Te3  content  x,  hot  pressing  temperature  and  the  amount  of  excess  Sb  addition,  as  acceptor 
dopant. 

EXPERIMENTAL  PROCEDURE 

High  purity  (>  99,99%)  Bi,  Sb,  and  Te  granules  were  washed  with  10%  nitric  solution, 
acetone,  and  distilled  water  to  remove  the  surface  oxide  layer.  The  appropriate  amounts  of 
Bi,  Sb  and  Te  were  weighed  for  (Bii-xSbx)2Te3  (0,75  ^  x  £  0.85)  compositions  and  charged 
in  a  hardened  tool  steel  vial  with  steel  balls  as  milling  media  under  Ar  atmosphere.  Ball- 
to-material  weight  ratio  was  held  5  :  1.  Mechanical  alloying  was  conducted  by  shaking 
the  vial  at  -1200  rpm  using  a  Spex  mixer/mill.  After  the  vibro-milling  process.  X-ray 
diffraction  (XRD)  analysis  was  performed  to  characterize  the  crystalline  phases  and  lattice 
parameters  of  (Bii-xSbx)2Te3  formed  by  mechanical  alloying.  DTA  was  conducted  in  Ar 
ambient  at  a  scan  rate  of  5'C/min  for  the  as-mixed  and  mechanically  alloyed  powders. 

(Bii-xSbx)2Te3  powders,  fabricated  by  mechanical  alloying,  were  cold  pressed  at  325  MPa 
to  form  5  mm  x  5  mm  x  10  mm  compacts.  Hot  pressing  was  conducted  in  vacuum  at 
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temperatures  rauRinR  from  300t:  to  550t:  for  30  minutes.  Seebeck  coefficient  a  of  the  hot 
pressed  sirceimens  was  measured  at  room  tempt-rature  b\’  applyinc  temperature  difference 
of  10"C  at  both  ends  of  a  specimen  usinR  a  sub-heater.  Electrical  resistivity  p  and  thermal 
conductivity  K  were  measured  at  room  temperature  usinp  Harman  method  181  in  vacuum 
of  10  ’  torr  to  minimize  thermal  conduction  throufih  convection.  Fifiure-of-merit  Z  was 
characterized  usint;  the  equation  7.  =  aVp'K. 

RESULTS  and  DISCUSSION 


XRD  patterns  of  the  as-mixed  and 
mechanically  alloyed  powders,  shown  in 
Fip.  1,  clearly  illustrated  the  formation  of 
(Biu.z'iSbo.v.'.lsTe.i  alloy  from  elemental  Bi, 
Sb  and  Te  itowders  by  mechanical 
alloying  at  rotim  temiierature. 

DTA  curves  of  the  as-mixed  and 
mechani('ally  alloyed  (Rioz.SbDvi.lzTe.i 
ixiwders  were  shown  in  Fit;.  2.  I''or  the 
as-mixed  powder,  endothermic  ix'aks 
were  observed  at  272'’(,',  423X,'  and  GI7'(I 
due  to  the  meltinp  of  Hi,  Te-rich  Bi-Te 
eutectic,  and  (BidzaSbiralzTe:).  Exothermic 
ixiak  at  531  "C  w'as  due  to  the  reaction  of 
Bi-Te  melt  with  solid  Sb  to  form  (Bios. 
SboviilzTcif.  Such  peaks  except  one  at  617 
‘C  dis;ii3|xy'ired  in  DTA  for  mechanicalK 
alloyed  txiwder,  which  indicated  the 
formtilion  of  (Bii).3:,SI)i),v.',bTe:t  by  mi>cha- 
nical  alloyinR,  Endothermic  ix'ak  at  4I7'I,' 
was  due  to  the  meltinp.  of  'I'e-rich 
second  phase.  Meltinp  |X)int  of  'I'e-rich 
eutectic  was  4I3'(,'  tind  42r)'('  for  Be-Te 
and  Sb-Te,  resijectively  191. 
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I'in.  1  XHD  pattc'rns  of  (Bin  uSb  y-.bTei 
ixiwders  with  mechanical  alloying  time. 
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F'ip.  2  DTA  curves  of  (a)  as-mixed  (Bi, 
Sb,  Te)  ixiwder  and  (b)  mecbanically 
alloyed  (Biii7.',Sbii.7:.):fre:(  ixiwder. 


0.6  0  6  0  7  0  8  0.9  1,0 

Sb^TOj  content  x  in  (Bi,  ,Sb,)jTe, 


Fip.  3  Processing  time  for  th('  complete 
fonuation  of  (Bii  *Sbs)'Tei  by  mechanical 
alloying  with  Sb  Te,  conti'nt  x. 
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As  shown  in  Fig.  3,  processing  time  for  the  complete  formation  of  (Bii-xSbx)2Te3  by 
mechanical  alloying  was  increased  with  Sb2Te3  content  x.  Such  retardation  of  the  mechanical 
alloying  process  with  increasing  SbaTea  content  might  be  due  to  the  bonding  characteristics 
between  BizTes  and  Sb2Te3.  Enthalpy  of  formation  AHmix  for  Sb2Te3  and  Bi2Te3  is  -56.48 
kj/mol  and  -77.40  kj/mol,  respectively  [10],  and  Sb-Te  bond  is  weaker  than  Bi-Te  bond  [11]. 

Seebeck  coefficient,  electrical  resistivity,  thermal  conductivity  and  figure-of-merit  of 
(Bio,25Sbo.75)2Te3,  mechanically  alloyed  and  hot  pressed  at  temperatures  ranging  from  300  “C  to 
550"C,  were  illustrated  in  Fig.  4.  Seebeck  coefficient  of  mechanically  alloyed  (Bio.25Sbo.75)2Te3 
was  increased  with  hot  pressing  temperature  up  to  45013  and  then  decreased  with  further 
increase  of  hot  pressing  temperature.  Electrical  resistivity  of  (Bio.25Sbo.75)2Te3  was  decreased 
with  hot  pressing  temperature.  In  p-type  (Bi,Sb)2Te3  alloys,  carriers  are  mainly  generated  by 
anti-structure  defects  (Sb  or  Bi  substitution  into  Te  site)  [12].  With  increasing  the  hot 
pressing  temperature,  thus,  composition  became  more  Te-deficient  and  anti-structure  defects 
were  formed  more  heavily,  resulting  in  reduction  of  the  electrical  resistivity.  Comparing 
Seebeck  coefficient  and  electrical  resistivity,  it  could  be  suggested  that  transition  from  intrinsic 
to  extrinsic  conduction  in  mechanically  alloyed  (Bio.25Sbo.75)2Te3  occurred  at  hot  pressing 
temperature  of  450  "C,  Lattice  thermal  conductivity  Kph,  illustrated  in  Fig.  4(c),  was  obtained  by 
calculating  Kd  with  Lorentz  factor  of  xVS  and  subtracting  Kd  from  Ktot.  Lattice  thermal 
conductivity  of  the  mechanically  alloyed  and  hot  pressed  (Bio.26Sbo,75)2Te3  was  below  0.7 
W/m-K,  which  is  lower  than  the  reported  value  for  as-grown  ingot  (about  1  W/m-K)  [13]  due 
to  the  fine  grain  size  of  the  mechanically  alloyed  and  hot  pressed  samples. 


Hot  pressing  temperature  (’C)  Hot  pressing  temperature  (  C) 

Fig.  4  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity  and 
(d)  figure-of-merit  of  mechanically  alloyed  (Bio.25Sbo.75)2Te3  with  hot  pressing  temperature. 
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As  shown  in  Fig.  4(d),  figurc-of-mcrit  of  the  mechanically  alloyed  (BioT.Sbo75):>Te:i  was 
increased  with  hot  pressing  temperature,  and  maximum  value  of  2.8  x  10"^/K  was  obtaincxl 
by  hot  pressing  at  550X1, 

(Bii-xSbxlzTea  (0.75  rS  x  ^  0.85)  powders  were  fabricated  by  mechanical  alloying  (Fig.  3), 
and  hot  pressed  at  550)2,  Secbeck  coefficient,  electrical  resistivity,  thermal  conductivity  and 
figure-of-merit  of  (Bii  xSbxTer)  were  illustrated  in  Fig.  5  with  variation  of  Sb.'Tet  content  x. 
Seebeck  coefficient  of  (Bii-xSbx)2Te3  was  decreased  from  245  gV/K  to  170  /A'  with  increasing 
SbzTe.i  content  x  from  0.75  to  0.R5.  As  carrier  concentration  increased  with  increasing  Sb'Tci 
content  in  (Bi,Sb)?.Te,i  solid  solutions,  electrical  resistivity  of  mechanically  alloyed  (Bii  xSbx)? 
Tea  was  decreased  from  2.51  niQ-cm  to  0.78  niQ-cm  with  increasing  Sb'l'ei  content. 
Although  total  thermal  conductivity  of  (Bii  xSbxlsTe.i  increased  with  Sb^Te,  content  x,  lattice 
thermal  conductivity  exhibited  almost  constant  value  of  —0,5  W/K-m  for  0.75  <  x  ''  0,85. 
For  single  crystal  BiaTea-SbzTcu,  lattice  thermal  conductivity  r  [,h  reached  a  minimum  at  --70"5 
Sb;>Te,3.  Xph  has  been  also  reported  to  change  a  little  in  the  composition  range  from  ~60“o  to 
80%  SbzTes,  and  then  increase  abruptly  with  Sb.^Te.)  content  higher  than  80%,  [2],  Comparing 
this  report  with  the  result  in  Fig.  5(c),  it  could  be  suggested  that  actual  Sb.Tci  content  in 
mechanically  alloyed  and  hot  pressed  (Bii  xSbxlsTe.t  were  less  than  the  weighed  composition  x. 
As  shown  in  Fig.  5(d),  figurc-oBmerit  of  (Bii-xSbxlsTe.t  exhibited  the  maximum  of  2.92  x 
lO'vK  at  x  =  0.8  composition. 


SbjTBj  content  x  in  (Bi,  _SbJjTe, 


0  75  0  60  0,85 

Sb^Te^  content  x  in  (Bi^  ^Sb^^Te^ 


Fig.  5  (a)  Secbeck  coefficient,  (b)  electrical  re.sistivity,  (c)  thermal  conductivity 
and  (d)  figure-of-merit  of  (Bii-xSbx)2Te.r  with  SteTc.)  content  x. 


124 


Thermal  conductivity  (W/  K-m) 


Fig,  6  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity 
and  (d)  figure-of-merit  of  (Bio,2Sbo,8)2Te3  with  the  amount  of  excess  Sb. 


Fig.  7  SEM  micrographs  on  the  fracture  surfaces  of  (BteSboalaTes  with  addition  of 
(a)  0  wt%,  (b)  1  wt%,  (c)  2  wt%,  and  (d)  3  wt%  excess  Sb,  as  acceptor  dopant. 
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For  Bi-.n'cs  based  thermoelectric  nintcrials,  Sccbcck  coefficient  of  210  ~  220  /A'/K  and 
electrical  resistivity  of  ~1.0  mQ-cm  arc  required  to  optimize  fiRure-of-merit  [21.  To 
improve  the  figurc-of-merit  of  (BiozSbosW'es  by  lowering  electrical  resistivity,  excess  Sb 
up  to  5  wt%  was  added  as  acceptor  dopant  to  Bi,  Sb  and  Te  elemental  powders.  Then, 
powders  were  mechanically  alloyed  for  5  hours  and  hot  pressed  at  550X:  for  ,20  minutes. 

Thermoelectric  proix'rties  of  (BiozSbc.s):>Te:i  were  illustrated  in  Fig.  6  with  variation  of  the 
amount  of  excess  Sb.  Sccbc-ck  coefficient  of  (BinzSbuslzTe.i  decreased  abniptly  to  ~50  /A  'K 
with  addition  of  excess  Sb  more  than  2  \n\%,  and  variation  of  the  electrical  resistivity  of 
(Bio.sSbo.glz'l'e.i  exhibited  the  same  behavior  as  Scclxvk  coefficient.  Thermal  condiietivity  of 
(Bio.2Sbo.8)2Te3  increased  from  1  WA-m  to  4  WAC-m  with  addition  of  2  wt%  excess  Sb.  As 
shown  in  Fig.  7(d),  figurc-of-merit  was  slightly  improved  from  2.92  x  10  Vk  to  2.97  x 
10  Vk  with  addition  of  1  wt%  excess  Sb,  and  then  decreased  abaipllv  to  ~0.,9  x  10  VK  with 
further  addition  of  Sb.  As  illustrated  in  SFM  micrographs  on  the  fracture  surface  of 
(Bi().2Sbo.R)2Te,2,  refinement  of  plate-like  grains  occun'ed  with  increasing  the  amount  of 
excess  Sb  addition  (I'ig.  7). 

SUMMARY 

Formation  of  (Bio.2!.Sbo.7!>)2Te3  theimoelectric  materials  was  ctimplett'd  by  mechanical  alloying 
of  elemental  Bi,  Sb,  Te  granules  of  —4  mm  diameter  for  5  hours  at  ball-to-material  weight 
ratio  of  5  :  1.  Processing  time  for  the  complete  form.ation  of  (Bii  ,Sbx)2Te,i  by  mechtinical 
alloying  increased  with  SbzTei  content  x,  which  might  bo  due  to  the  bonding  characteristics 
between  Biz'res  and  SbzTe.t.  When  (BioRr.SbitTClzTei  was  hot  pressed  in  vacuum  for  30  minutes, 
figure-  of-mcrit,  measured  at  room  temperature,  increased  from  0.93  x  10'Vk  to  2.8  x 
10  Vk  with  incrccising  hot  pressing  tcmix-niture  from  300°0  to  550'C.  When  hot  pressed  at  ,3, 00 
"C  for  30  minutes,  (Bi(i,2Sbo,R)2Te.t  and  (Bin  if,SboR.s)2Te,t  exhibited  figurc-of-merit  of  2.92  x 
10  Vk  and  2.68  X  10'Vk,  respectively.  Figurc-of-merit  of  (Bin  iSbcRltTe.i,  was  slightly 
improved  to  2.97  x  lO  Vk  with  addition  of  1  wt?i  excess  Sb,  and  then  decreased  abruptly  to 
~0.5  X  10’Vk  with  further  addition  of  excess  Sb. 
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ABSTRACT 

The  p-type  Te-doped  BiosSbrsTea  and  n-type  SbR-doped  Bi2Te2.85Seo.iE 
thermoelectric  compounds  were  fabricated  by  hot  pressing  in  the  temperature  range  oi 
380  to  440  “C  under  200  MPa  in  Ar.  Both  the  compounds  were  highly  dense  and 
showed  high  crystalline  quality.  The  grains  of  the  compounds  were  preferentially 
oriented  and  contained  many  dislocations  through  the  hot  pressing.  The  fracture  path 
followed  the  transgranular  cleavage  planes,  which  are  perpendicular  to  the  c-axis.  In 
addition,  with  increasing  the  pressing  temperature,  the  figure  of  merit  was  increased. 
The  highest  values  of  figure  of  merit  for  the  p-,and  n-type  compounds,  which  were 
obtained  at  420  °C ,  were  2.69  x  10  vK  and  2.35  x  10  ^/K,  respectively. 

INTRODUCTION 

BbTes-based  compounds  are  well  known  to  be  good  materials  for  the  thermoelectric 
devices  near  room  temperature.  The  crystal  structure  of  Bi2Te3  at  room  temperature  is 
rhombohedral  (a=0.438  nm  and  c=3.049  nm)  [1].  The  crystal  structure  is  composed  of 

atomic  layers  in  the  order  of  TezBi/Te/Te/Bi/Te/Bi/Te/Te/ .  along  the  c-axis.  The 

Te/Te  layers  ^e  considered  to  be  weakly  bound  with  van  der  Waal  forces  [2].  Also,  the 
crystal  has  distinct  (111)  cleavage  planes  perpendicular  to  the  c-axis.  Owing  to  the 
cleavage  features,  the  ciystal  has  low  mechanical  properties  and  poor  ability  in 
micro-processing  for  fabricating  the  miniature  thermoelectric  modules.  Many  attempts 
were  made  to  fabricate  the  thermoelectric  materials  without  cleavage  features  by  means 
of  sintering.  However,  sintering  technique  is  not  effective  because  the  figure  of  merit  of 
sintered  compounds  is  lower  than  that  of  single  crystals.  In  this  work,  we  fabricated  the 
p-type  Te-doped  Bio.sSbi.sTe.^  and  n-type  Sbis-doped  Bi2Te2.85Seo.15  compounds  by  the  hot 
pressing  and  then  investigated  the  microstructure  and  thermoelectric  properties  of  the 
compounds. 

EXPERIMENTAL 

To  fabricate  the  p-type  4.0  wt%  Te-doped  Bio.5Sb1.5Te3  and  n-type  0.1  wt% 
Sbls-doped  Bi2Te2.ffiSeo.15  compounds,  the  starting  powders  with  >99.99  %  purity  were 
mixed.  The  mixture  was  placed  into  Si02  tube  with  25  mm  diameter  and  330  mm 
length.  Then,  the  tube  was  evacuated  below  10'^  torr  and  sealed.  The  powders  mixture 
was  heated  at  700  °C  to  make  a  melt.  The  melt  in  the  tube  was  stirred  under  a 
frequency  of  5  times/min  at  700  °C  for  6  hours  using  a  rocking  furnace  to  make  a 
homogeneous  melt  without  segregation.  The  tube  containing  the  melt  was  cooled  to 
room  temperature  in  furnace.  The  solidified  ingot  was  crushed  into  fine  flakes  using 
AI2O3  bowl.  The  resulting  flakes  were  ball  milled  for  12  hours  and  then  sieved  to 
prepare  powders  with  45-74  gm  size.  To  remove  the  oxygen  developed  during  the 
crushing  and  ball  milling,  the  resulting  powders  for  the  p-  and  n-type  compounds  were 
reduced  in  hydrogen  atmosphere  at  3®  and  360  “C,  respectively,  for  4  hours.  The 
powders  were  compacted  by  the  hot  pressing  in  the  temperature  range  380  to  440  °C  at 
steps  of  20  °C  under  200  MPa  in  Ar  to  produce  the  billets  with  30  mm  diameter  and  6 
mm  length. 

The  density  of  the  hot-pressed  compounds  was  measured  by  pycnometer 
(Micrometric  Co.).  The  preferred  orientation  of  grains  was  investigated  by  X-ray 
diffraction  (XRD).  Detailed  microstructural  information  on  the  compounds  was  obtained 
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from  transmission  electron  microscopy  (TEM).  TEM  specimens  were  prepared  by 
mechanical  grinding,  dimpling,  and  ion  milling.  Ion  milling  was  performed  under  1  mA 
current  and  3  kV  Ar  ions  at  an  incident  angle  of  12”  with  liquid  nitrogen  to  minimize 
ion-induced  damage,  The  microstructure  of  the  specimens  was  investigated  using  a 
Philips  CM20  transmission  electron  microscope. 

The  thermoelectric  properties  were  measured  at  room  temperature  along  the 
direction  perpendicular  to  the  pressing  direction.  The  specimens  with  dimensions  of  2x2 
X 15  mm  and  of  4x4x4  mm  were  cut  out  of  the  compounds  for  the  measurements  of 
the  Seebeck  coefficient  a  and  thermal  conductivity  k  and  of  the  electrical  resistivity  p , 
respectively.  Then,  their  surfaces  were  polished  with  a  series  of  SiC  polishing  paper  of 
up  to  #2000  and  further  polished  on  a  polishing  cloth  impregnated  with  AL^O.i  powders  of 
0.3  im  size.  To  measure  the  Seebcck  coefficient  a ,  heat  was  applied  to  the  specimen 
which  was  placed  between  the  two  Cu  discs.  The  thermoelectric  electromotive  force  E 
was  measured  upon  applying  small  temperature  difference  (zJT  <  2  V.)  between  the 
both  ends  of  the  specimen.  The  Seebcck  coefficient  a  of  the  compounds  was  determined 
from  the  E/ AT.  The  electrical  resistivity  p  was  measured  by  the  four -probe  technique. 
The  repeat  measurement  was  made  rapidly  with  a  duration  smaller  than  one  second  to 
prevent  errors  due  to  the  Peltier  effect.  The  thermal  conductivity  k  was  measured  by 
the  static  comparative  method  using  a  transparent  SiOs  (r’=1.36  W/Km  at  room 
temperature)  as  a  standard  sample  in  5x]0’  torr. 


RESULTS  AND  DISCUSSION 
P-tVDC  4.0  wt%  Te-doned  BiuvSbi  vTcv 

It  was  found  that  the  p-type  Bio.vSbir.Tet  compounds  were  highly  dense.  The 
powders  of  the  Bio,r)Sbi.r>Te:i  compounds  arc  flaky  so  that  the  flat  faces  of  the  powders 
are  contacted  by  the  hot  pressing.  The  bonding  between  the  powders  became  strong 
with  increasing  the  pressing  temperature,  resulting  in  an  increase  in  the  density.  The 
densities  of  the  compounds  hot  pressed  at  380,  400,  and  420  ‘C  were  98,0,  98.3,  and  99.0 
%  of  theoretical  density,  respectively.  High  -quality  compounds  were  not  obtained  at  440 
U  because  of  the  local  melting  of  the  powders. 

To  investigate  the  preferred  orientation  of  grains.  XRD  analyses  from  the 
perpendicular  and  parallel  sections  to  the  pressing  direction  were  made.  Figures  1(a)  and 
(b)  show  the  XRD  patterns  obtained  from  the  perpendicular  and  parallel  sections, 
respectively,  for  the  compounds  hot  pressed  at  380,  400,  and  420  ‘C.  The  intensity  of  the 
(0  0  15)  and  (0  0  18)  planes  from  the  peipcndicular  section  is  much  stronger  than  that 
from  the  parallel  section.  Also,  the  intensity  of  (0  0  6)  plane  is  only  observed  at  the 
perpendicular  section.  The  (0  0  6),  (0  0  15),  and  (0  0  18)  planes  are  perpendicular  to  the 
c-axis.  This  indicates  that  the  grains  arc  preferentially  oriented  through  the  hot 
pressing.  It  is  also  important  to  note  that  the  intensity  of  the  (0  0  6),  (0  0  15),  and  (0  0 
18)  planes  from  the  perpendicular  section  increased  with  the  pressing  temperature, 
strongly  indicating  that  the  degree  of  preferred  orientation  increased  with  the  pressing 
temperature.  It  is  thus  expected  that  with  increasing  the  pressing  temperature,  the 
increase  in  density  and  preferred  orientation  causes  to  an  improvement  in  the 
themoelectric  properties.  It  has  previously  been  reported  that  the  preferred  orientation  of 
grains  is  observed  in  unidirectionally  solidified  materials,  in  which  the  growing  direction 
is  perpendicular  to  the  c-axis  [3].  Fig.  2  shows  the  TEM  bright  field  image  from  the 
perpendicular  section  to  the  pressing  direction  for  the  compounds  hot  pressed  at  420  "C. 
The  grain  size  was  found  to  be  ~30  tm.  The  compounds  contain  many  dislocations 
within  grains.  The  crystalline  defects  such  as  stacking  faults  and  microtvvins  were  not 
observed. 

Table  1  shows  the  thermoelectric  properties  of  the  p  type  compounds  hot  pressed  at 
various  temperatures.  With  increasing  the  hot  pressing  temperature,  the  carrier 
concentration  ric  is  decreased,  whereas  the  carrier  mobility  p  is  significantly  increased. 
The  increase  in  mobility  results  from  the  porosity  decrease.  At  this  time,  the  reason  for 
the  decrease  in  carrier  concentration  is  unidentified.  Also,  as  the  pressing  temperature  is 
increased,  the  Seebeck  coefficient  a  is  slightly  increased  because  of  the  decrease  in 
carrier  concentration.  The  relationship  between  the  a  and  tie  can  be  expressed  as 
follows:  a  ~  r  -  \n  He.  where  r  is  the  scattering  factor  [4].  The  electrical  resistivity  p 
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Fig.  1.  XRD  patterns  from  the  (a)  perpendicular  and  (b)  parallel  sections  to  the  pressing 
direction  for  the  p-type  BiosSbrsTeacompounds  hot  pressed  at  380,  400,  and  420  °C. 


Fig.  2.  TEM  bright  field  image  from  the  perpendicular  section  to  the  pressing 
direction  for  the  p-type  Bio.sSbisTeacompounds  hot  pressed  at  420  °C. 
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Tabic  1.  Thermoelectric  properties  of  the  pType  Bin-.Sbi r.Tct  compounds 
hot  pressed  at  various  temperatures 


Hot  pressing  temperature  ( °C ) 

380 

400 

420 

nc  ( X  lO'Vm'h 

1,17 

1.06 

0.97 

P  (xiO^m'^A^s) 

2.07 

2.a3 

3.77 

a  (gV/K) 

218.4 

224.3 

232.2 

P  (xl0“^Qm) 

2.85 

1.89 

1.71 

K  (W/Km) 

0.95 

1.09 

1.17 

Z  (  X 10  Vk) 

1.76 

2.44 

2.69 

of  the  compounds  decreased  with  increasinR  the  temperature.  The  electrical  resistivity 
can  be  expressed  as  the  following  relationship:  Thus,  two  competing  factors, 

carrier  concentration  and  mobility,  determine  the  resistivity.  The  decrease  in  resistivity 
would  result  from  the  significant  increase  in  mobility  and  the  decrease  in  carrier 
concentration.  The  thermal  conductivity  k  is  slightly  increased  with  the  pressing 
temperature  probably  because  of  the  density  increase.  The  figure  of  merit  Z  was 
calculated  using  the  following  equation:  Z=a^/p  k.  The  figure  of  merit  increased  with 
the  pressing  temperature.  This  is  because  with  increasing  the  pressing  temperature,  the 
Seebcck  coefficient  is  slightly  increased  and  the  electrical  resistivity  is  decreased, 
although  the  thermal  conductivity  is  slightly  increased.  The  compounds  hot  pressed  at 
420  ‘C  show  the  highest  figure  of  merit  (/f=2.69x  ]0 ''/K). 


N-tvpc  Sbh-doDcd  Bi?Te»R-,Se(ir, 

The  n-type  Sbl.i-doped  BiiTcjssScor,  compounds  were  highly  dense.  The  density 
increased  with  increasing  the  pressing  temperature  because  of  an  improvement  in  the 
bonding  between  the  powders.  The  densities  of  the  compounds  pressed  at  380,  400,  and 
420  “C  were  97.9,  98.5,  and  99.2  %  of  theoretical  density,  respectively.  Fig.  3  shows  the 


Fig.  3.  TEM  bright  field  image 
from  the  peijiendicular  section 
to  the  pressing  direction  for  the 
n  type  Bii;Tej,siSci)  i.-,  compounds 
hot  pressed  at  420  'C. 
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TEM  bright  field  image  from  the  perpendicular  section  to  the  pressing  direction  for  the 
n-type  compounds  hot  pressed  at  420  “C.  Many  dislocations  are  present  within  the 
grains. 

Figures  4(a)  and  (b)  show  the  XRD  patterns  obtained  from  the  perpendicular  and 
parallel  sections,  respectively,  for  the  compounds  hot  pressed  at  420  °C.  The  inteiisity  of 
(0  0  6),  (0  0  15),  and  (0  0  18)  planes,  which  are  perpendicular  to  the  c-axis,  is  only 
observed  at  the  perpendicular  section.  This  indicates  that  the  grains  are  preferentially 
oriented  through  the  hot  pressing.  The  preferred  orientation  contributes  to  an 
improvement  in  the  thermoelectric  properties. 


Fig.  4.  XRD  patterns  obtained  from  the  (a)  perpendicular  and  (b)  parallel 
sections  to  the  pressing  direction  for  the  n-type  Bi2Te2.85Seo.15  compounds 
hot  pressed  at  420  °C. 


Table  2  shows  the  thermoelectric  properties  of  the  n-type  compounds  pressed  at 
various  temperatures.  As  the  pressing  temperature  is  increased,  the  carrier  concentration 
He  is  slightly  decreased,  whereas  the  mobility  //  is  increased  due  to  the  density 
increase.  Also,  with  increasing  the  pressing  temperature,  the  absolute  value  of  Seebeck 
coefficient  a  is  slightly  increased  due  to  the  decrease  in  carrier  concentration.  The 
electrical  resistivity  p  is  slightly  decreased  with  increasing  the  temperature  because  of 
the  increase  in  mobility  and  the  slight  decrease  in  carrier  concentration.  In  addition,  the 
thermal  conductivity  ic  is  slightly  increased  with  the  temperature  probably  because  of 
the  density  increase.  The  figure  of  merit,  which  was  calculated  using  Z=  a^l  p  k  , 
increased  with  the  pressing  temperature.  This  is  due  to  the  fact  that  with  increasing  the 
temperature,  the  absolute  value  of  Seebeck  coefficient  is  slightly  increased  and  the 
electrical  resistivity  is  slightly  decreased,  although  the  thermal  conductivity  is  slightly 
increased.  The  compounds  hot  pressed  at  420  D  show  the  highest  figure  of  merit 
(Z=2.35X10'7K). 
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Table  2.  Thermoelectric  properties  of  the  n-type  BiiTcix-Scoir,  compounds 
hot  pressed  at  various  temperatures 


Hot  pressing  temperature  (°C) 


380 

400 

420 

Oc  (xiO^/m") 

5.16 

5.08 

4.50 

//  (xioWAfs) 

1.31 

1.43 

1.77 

a  (W/K) 

-150.3 

-155.3 

-161.9 

p  (xiO'^am) 

0.92 

0.86 

0.79 

K  (W/Km) 

1.36 

1.39 

1.42 

z  ( X 10  7k) 

1.80 

2.02 

2..35 

CONCLUSIONS 

The  hot-pressed  p-type  Te-doped  Bior.SbjsTes  and  n-type  SbL-doped  Bi.Te>R-Sc,))r, 
thermoelectric  compounds  were  highly  dense  and  showed  high  cry'stallinc  quality  without 
any  stacking  faults  and  microtwins.  The  hot  pressing  gave  rise  to  the  preferred 
orientation  of  grains  and  the  formation  of  many  dislocations.  It  was  also  found  that  the 
figure  of  merit  of  both  the  comiwunds  increased  with  increasing  the  pressing 
temperature.  The  values  of  fig.urc  of  merit  for  the  p-  and  n-type  compounds  hot 
pressed  at  420  C  were  2.69xiO'/K  and  2.35x10'Vk,  respectively. 
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ABSTRACT 

Thermoelectric  power,  electrical  resistivity,  and  Hail  effect  of  p-type  Bi2-xSnxTe3  (0<x<0.03) 
singlecrystals  have  been  measured  in  the  temperature  range  4.2-300K.  By  doping  of  Sn  atoms 
into  the  host  Bi2Te3  lattice,  the  enhancement  in  the  thermoelectric  power  is  observed  in  the 
intermediate  temperature  range  30-150  K  for  x<0,0075.  The  activation  type  behaviour  of  Hall 
coefficient  and  resistivity  are  found  which  corresponds  to  the  Sn-induced  impurity  band  located 
above  the  second  lower  valence  band. 

INTRODUCTION 

Bismuth  telluride  Bi2Te3  is  a  typical  layered  semiconductor.  Its  valence  and  conduction  bands 
(band  gap  Eg«0.18  eV  at  T=300  K  and  Eg«0,23  eV  at  T=4.2  K)  are  known  to  have  many  valley 
structures  of  six  general  ellipsoids  in  each  case,  with  each  ellipsoid  centred  on  a  one  of  a  mirror 
plane  of  the  Brillouin  zone  [1,2].  The  occupation  of  Te  lattice  position  by  Bi  atoms 
(antistructural  defects)  makes  this  material  a  p-type  conductor.  In  addition,  electronic  properties 
of  Bi2Te3  with  incorporation  of  foreign  atoms,  such  as  Ge  [3-5],  Pb  [6]  and  Sn  [7-9]  have  been 
studied.  Such  Bi2Te3-based  compounds  are  widely  used  for  practical  applications  to 
thermoelectric  devices  because  of  high  figure  of  merit  [10].  We  have  recently  carried  out 
conventional  galvanomagnetic  as  well  as  pulsed  laser  induced  “transient  thermoelectric  effect” 
(TTE)  measurements  for  the  Bi2.xSnxTe3  crystals  [11].  Detailed  analysis  of  the  experimental 
results  [7-9,1 1]  have  revealed  that  Sn  is  an  acceptor  and  by  doping  Sn  atoms  in  Bi2Te3  the  Fermi 
energy  of  the  upper  valence  band  (UVB)  is  increased  and  Sn-induced  impurity  band  (IB)  is 
additionally  formed  near  the  top  of  the  lower  valence  band  (LVB)  lying  by  about  1 5  meV  below 
the  top  of  the  UVB  (fig.  1). 
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Fig.  1 

Schematic  band  structure  for  Bi2-xSnxTe3.  IB 
-  impurity  band,  UCB  -  upper  conduction 
band,  LCB  -  lower  conduction  band. 

133 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  478  ®  1997  Materials  Research  Society 


Impurity  band  with  high  density  of  states  fixes  the  Fermi  level  in  Bii-xSn.Te,  which  leads  to  the 
oscillations  of  Hall  resistance  at  low  temperatures  -  fig.  2.  However,  the  thermoelectric  power 
for  samples  with  a  small  addition  of  Sn  atoms  was  not  carried  out.  In  order  to  get  an  insight  into 
the  effect  of  Sn  substitution  on  the  electronic  properties  of  Bi2Tei,  we  have  carried  out 
measurements  of  the  thermoelectric  power  along  C2  axis.  Hall  effect,  electrical  resistivity  for 
Bi2-,,SnxTe3. 

EXPERIMENT 

Samples 

Single  crystals  of  p-type  Bi2.xSnxTe3  (0<x<0.0.1)  were  grown  by  a  modified  Bridgman 
technique  from  polycrystallinc  materials  synthesized  from  .SN  purity  elements  in  a  conical  quartz 
ampoule;  the  value  of  x  correspond  to  the  stoichiometry  of  the  starting  mixture.  The  crystals 
were  easily  cleaved  perpendicular  to  the  trigonal  Ci  axis.  Samples  for  transport  measurements 
were  cut  from  cleaved  single  crystal  plates  by  a  spark  erosion  machine  (typical  dimensions:  4x1 
xO.8  mm-^)  and  electrical  leads  were  soldered  by  Bi-Sb  alloys  with  a  flux  (glycerin  +  NH4OH). 
The  resistivity  and  Hall  effect  measurements  were  carried  out  using  a  conventional  dc 
potentiometric  method  with  dc  current  along  the  C2  direction  in  magnetic  fields  up  to  8  T 
applied  along  the  Cj  axis  (perpendicular  to  the  layers)  over  the  temperature  range  4.2-300K.  The 
temperature  dependence  of  the  Hall  coefficient  Rn  was  obtained  at  fixed  magnetic  field  B  0.2  T. 
Thermoelectric  power  was  measured  by  a  conventional  method  with  a  temperature  difference 
between  both  ends  of  a  sample  less  than  1  K  and  with  reference  to  a  fu  leads  wire. 

Experimental  results 

The  temperature  dependence  of  the  resistivity  p  along  the  C2  axis  for  Bii-xSnxTe.i  with 
different  Sn  content  is  shown  in  fig.  3.  As  the  temperature  is  lowered,  the  resistivit)  p  of 
undoped  samples  decreases  almo.st  linearly  at  high  temperatures  and  tends  to  level  off  to  residual 
resistivity  po,  showing  a  metallic  behaviour.  It  should  be  noted  that  the  p-T  curves  for  the  Bii. 
sSuxTej  exhibit  a  shoulder  or  a  maximum  near  60  K.  and  the  values  of  p(,  are  increased  with  Sn 
concentration  x.  The  similar  behaviour  has  been  reported  earlier  in  the  case  of  In  doped  samples 
[.“i].  The  Hall  coefficient  Rh  of  the  undoped  samples  increases  with  increasing  magnetic  field, 
while  those  of  Sn  doped  samples  arc  strongly  magnetic  field  dependent  and  oscillate. 

With  decreasing  temperature  the  values  of  Rn  for  undoped  samples  arc  decreased  slowly 
below  200  K  and  approach  to  a  constant  value  at  lower  temperatures.  On  the  other  hand,  the  Sn 
doped  samples  show  quite  different  temperature  dependence,  in  which  the  values  of  Rn  arc 
increased  remarkably  with  decreasing  temperatures.  Fig.  4  illustrates  the  semilogarthmic  plots  of 
Rii  versus  1/T,  showing  the  activation-energy  type  behaviour  in  the  temperature  range 
approximately  77  -  l.iO  K  of  the  form  RM~exp(E.i/kT),  w'herc  the  slopes  give  the  activation 
energy  Ea;  Ea~10mcV  for  x=0.0025  -  0.01 2.S  above  77  K.  In  this  temperature  range  the  same  an 
activation  behaviour  was  also  observed  in  p  (T)  dependence  -  sec  fig.  3. 

The  Fermi  energy  evaluated  from  the  period  of  Shubnikov  de  Haas  oscillations  (solely 
observed  in  lightly  doped  samples  x<0,02  [8,9])  and  the  observed  Hall  coefficient  at  low- 
temperature  T=4.2  K  (where  these  values  arc  almost  constant  for  x<0.0075)  show  a 
characteristic  variation  with  Sn  content,  which  we  shall  discuss  later.  The  temperature 
dependence  of  the  Hall  mobility  )i||=Ri(/p  is  show-n  in  logarithmic  scales  in  fig.  .S.  With 
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Fig.  3 

The  semilogarithmic  plot  of  the  resistivity  p 
versus  1/T,  showing  the  activation-type 
behaviour  in  Bi2.xSnxTe3  in  the  temperature 
range  approximately  77  -  150  K 


Fig.  4 

The  semilogarithmic  plot  of  the  Hall 
coefficient  Rh  versus  1/T,  showing  the 
activation-type  behaviour  in  Bi2.xSnxTe3  in 
contrast  to  Bi2Te3. 


Fig.  5 

Temperature  dependence  of  the  observed 
Hall  mobility  ph=Rh/p  for  Bi2-xSnxTe3. 


Fig.  6 

Temperature  dependence  of  the  observed 
thermopower  S  for  Bi2-xSnxTe3. 
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lowering  temperature,  the  Mall  mobilities  for  Bi2Tc3  are  increased  obeying  the  power  low, 
)-iii=T'"’,  with  m=l,5-2.2  above  100  K,  and  approaeh  constant  values  of  the  order  of  10“'  cm^/Vs 
at  low  temperatures.  The  magnitude  of  the  exponent  m  indicates  that  the  intcrvallcy  scattering  by 
polar  optical  and  acoustic  phonons  are  dominant  above  100  K.  With  increasing  Sn  content  x,  the 
magnitudes  of  pn  and  the  exponent  m  decrca.scd.  while  sharp  changes  in  the  slopes  of  the  p[|-T 
curves  are  noticed  at  the  intermediate  temperature  range  30-  70  .  corresponding  to  the  anomalies 
in  the  p-T  curves,  which  arc  in  contrast  to  the  case  of  Gc-doped  samples  of  Bi2Te3.  where  the 
Ge  atoms  serve  as  weak  acceptors  [3-5].  Fig.  6  shows  the  temperature  dependence  of  the 
thermopower  S.  The  undoped  Bi2Te3  has  a  value  of  190  pV/K  at  room  temperature  and  it  shows 
almost  a  linear  decrease  with  decreasing  T;  the  values  of  S/T  arc  nearly  constant  (=0.70  -I--0.05 
pV/K^)  above  lOOK.  Bi2-xSnj(Te3  crystals  with  low  Sn  content  x=0.0025  and  0.0075  have 
nearly  the  same  values  as  the  undoped  one  at  room  temperature  but  the  S-T  curves  show  a  more 
convex  change  with  larger  values  in  the  intermediate  temperature  range  30-200  K  compared  to 
that  of  the  undoped  sample.  For  heavily  doped  samples  with  x=0.0125  and  0.0.3,  the 
thermopowers  are  reduced  appreciably  to  almost  a  quarter  or  one  fifth  of  the  undoped  value, 
showing  nearly  a  linear  dependence  on  T. 

DISCUSSION 

For  a  discussion  of  the  foregoing  tran.sport  data,  we  will  use  a  band  model  for  p-type  Sn  doped 
BijTej  crystals  [7-9,1 1]  with  reference  to  the  host  Bi2Tci.  as  shown  schematically  in  fig.  I.  In 
the  host  Bi2Te,i  there  exist  a  number  of  antistructural  defects  (ASD).  which  donates  conduction 
holes  into  the  UVB  (or  accept  electrons  from  the  UVB)  up  to  a  Fermi  energy  Ert  the  number  of 
the  ASD  depend  on  the  crystal  growlh.  With  increase  of  the  number  of  ASDs,  the  hole  Fermi 
energy  is  increased  to  fill  up  to  the  lower  LVB.  The  activation  behaviour  of  p  (fig.  3)  and  the 
Hall  coefficient  (fig.  4)  in  the  temperature  range  77<T<150  K  indicates  the  exi.stence  of  the  Sn- 
induced  acceptor  level  located  by  about  10  meV  above  the  top  of  the  EVB  or  an  impurity  band 
that  lies  below  the  top  of  UVB  by  1 5  meV  as  it  is  shown  in  fig.  1 . 

Thus  it  is  inferred  that  at  intermediate  temperatures  we  observe  the  activation  of  holes  to  the 
impurity  band.  The  number  of  states  in  the  impurit)  band  increases  when  the  Sn  content 
incrca.ses,  thus  the  impurity  band  fix  the  Fermi  level  up  to  high  Sn  content.  For  temperature 
range  10<T<50  K  the  Hall  coefficient  still  shows  the  activation  on  temperature,  while  the 
resistivity  shows  the  metallic  behaviour.  According  to  our  opinion  such  dependencies  may  be 
explained  by  a  redistribution  of  carriers  in  this  temperature  range  between  different  valleys  due 
to  different  rate  with  temperature. 

In  a  model  of  two  degenerate  hole  gases  the  Hall  coefficient  Ru  should  always  decrease  with 
increasing  of  magnetic  field  when  the  influence  of  a  geometrical  factor  in  Ru  for  the  second  type 
of  holes  is  neglected.  The  experimental  results  at  T=4.2  K  show  an  increase  of  Ru  with  magnetic 
field  in  the  host  Bi2Tc3.  Such  dependence  of  the  Ru  on  B  may  be  explained  if  we  take  into 
account  the  anisotropy  factor  for  the  two  types  of  hole  (two  and  four  ellipsoids  in  Ci  direction 
respectively).  This  procedure  was  done  in  [5]  which  explained  the  observed  increase  of  the  R|i  in 
magnetic  field.  The  oscillatory  magnetic  field  dependence  of  Ru  was  observed  for  Sn  doped 
samples  -  see  fig.  2. 

The  impurity  band  with  a  high  density  of  states  fixes  the  Fermi  level.  In  magnetic  field  the 
energy  spectrum  of  UVB  (“light  holes”)  is  quantized,  while  for  the  “heavy  holes”  in  LVB 
magnetic  field  is  still  weak  due  to  difference  in  effective  masses.  The  degeneracy  of  the  Landau 
levels  in  magnetic  field  increases  and  if  the  Fermi  level  is  fixed  in  impurity  band,  holes  flow 
from  impurity  band  to  UVB  and,  hence,  the  Hall  coefficient  or  Hall  resistance  will  strongly 
oscillate  (like  in  Quantum  Hall  effect)  as  it  was  observed  (see  fig.  2). 
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The  thermopower  S  in  the  impurity  conduction  region  is  given  by 

S(T)=(k/e)[(2r+5)/(2r+3){Fr+3c®/F^,c©-4}]  (1) 

where 

Fr(0=  J(x7e’‘"')dx  (2) 

is  the  Fermi  integral  and  ^=EF/kT  is  the  reduced  Fermi  energy,  r  is  a  parameter  characterising  the 
scattering  mechanism  [12];  r=-l/2  for  the  aeoustic  phonon  scattering  and  1/2  for  polar  optical 
phonon  one.  Using  the  value  of  S=190  pV/K  at  room  temperature  and  r=l/2  whieh  is  very  close 
to  the  calculated  from  experimental  data  value  of  r  [13]  in  Bi2Te3  for  polar  optical  scattering  ,  Ep 
is  evaluated  to  be  near  20  meV,  which  is  of  comparable  order  of  magnitude  but  less  of  the  value 
obtained  from  the  Flail  concentration.  These  results  indicate  that  in  Bi2Te3  holes  in  the  UVB  can 
not  be  treated  as  a  completely  degenerate  nor  nondegenerate  system  around  room  temperature;  in 
fact,  we  should  note  that  Bi2Te3  has  an  exeeptionally  large  dielectric  constant  e=94  [14] 
compared  to  normal  value  of  the  order  of  5-20  for  usual  semiconductors,  such  as  Si,  Ge,  GaAs. 

Moreover,  for  lightly  doped  samples  x<0.0075,  we  have  found  an  appreciable  enhancement  in 
S  in  the  intermediate  temperature  range  30-200  K  by  Sn-doping  (Fig.  6).  Now  the  thermopower 
S  for  multi-scattering  centres  is  given  by 

S=S(piSi/p),  p=2:pi  (3) 

where  p,  and  Sj  are  the  resistivity  and  thermopower  for  the  /-th  scattering  centres  (i=neutral, 
ionized  impurity  scattering,  and  phonon  scattering),  respectively.  Thus  corresponding  to  the 
contribution  of  ionized  impurity  scattering  term  p(ion)  to  the  resistivity  and  to  the  Hall  mobility 
(scattering  parameter  r=3/2),  the  p(ion)S(ion)  term  play  a  dominant  role  in  the  total  thermopower  in 
Bi2.xSnxTe3,  compared  to  those  of  the  neutral  impurity  terms.  On  the  other  hand,  for  heavily 
doped  samples  with  x>0.0125,  the  S-T  curve  is  nearly  linear  and  the  magnitude  S  decreases  with 
X,  which  suggest  that  the  hole  system  is  degenerate  and  the  carriers  in  the  impurity  band  play  a 
dominant  role  at  high  temperatures. 

For  further  quantitative  discussion  for  Bi2-xSnxTe3  ,  we  need  more  detailed  calculations  based 
on  the  multicarrier  model  consisting  of  the  two  valence  and  six-ellipsoidal  pockets  (UVB,  LVB) 
and  Sn  induced  impurity  band  by  taking  account  of  the  degeneracy  or  screening  of  the  holes  in 
each  band  of  this  material  with  the  large  dielectric  constant.  Fitting  the  data  of  Fig.  6  with  eq.(l) 
at  each  temperature  yields  to  the  temperature  dependence  of  the  r. 

Our  data  shows  that  near  T=100  K  the  scattering  in  Bi2-xSnxTe3  changes  from  phonon  to 
impurity  scattering.  The  intervalleys  scattering  also  plays  an  important  role  at  the  intermidiate 
temperature  range  in  this  complex  many  valleys  material  with  impurity  band.  Indeed,  the 
observed  Hall  mobility  pn  for  Bi2-xSnxTe3  may  be  the  sum  of  each  contribution  from  the 
charged  impurity  scattering  centres,  as  well  as  phonon  scattering.  At  low  temperatures  the  Hall 
mobilities  for  all  samples  are  constant,  which  is  regarded  as  a  temperature-independent 
scattering  term  p(neutrai)  due  to  some  neutral  centres. 

Then  in  addition  to  this  contribution,  the  total  Hall  mobility  ph(T)  may  be  determined 
by  temperature-dependent  phonon  p(ph)  and  ionized  impurity  scattering  P(ion)(T),  which  we 
express,  as 


1/Ph(T)“1/P  (ph)(T)+l/p  (ion)(T)+l/p  {neutral(T) 


(4) 
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Then  the  temperature-dependent  term  p  (T)  can  be  obtained  by  subtracting  the  temperature- 
independent  u(defect)  from  the  total  mobility  pii(T),  as 

1/p  (T)=l/pH(T)-l/p  (ncutral)(T)=l/p  (ph)(T)+l/p  (ion)(T)  (5) 

The  temperature  dependence  of  p(T)  for  BiiTc,  follows  approximately  the  power  law.  as  pii=T' 
with  m=1.6,  while  for  the  Bi2-xSnxTei,  the  mobility  p  (T)  is  decreased  with  increasing  Sn 
content  x  and  obeys  the  power  law  a  large  value  m^(2-2.6)  at  low  temperatures  and  a  smaller 
value  m=l/2-l  at  higher  temperatures.  There  is  apparently  indication  for  intermediate 
temperatures  of  the  contribution  from  the  intervaley  scattering  and  no  indication  of  the 
contribution  from  conventional  ionized  impurity  scattering  that  depends  on  T  as  a  pow'er  law 
with  m=-.T/2.  These  results  indicate  that  in  both  Bi:Tci  and  Bi2-vSnxTe)  crystals,  phonon 
scatterings  dominate,  such  as  acoustic,  optical  phonon,  or  piezoelectric  scattering.  In  this 
respect,  Bi2-xSnxTc2  sy.stem  is  a  unique  material,  where  Sn  atoms  substitute  partially  the  Bi 
atoms  within  their  layers  that  donate  conduction  holes  to  the  BiiTci  valence  band,  leading  to  the 
formation  of  Sn-induced  impurity  band.  This  band  may  be  strongly  coupled  with  the  host  UVB 
and  thus  these  impurity  centres  may  subject  to  nearly  the  same  lattice  vibrations  as  the  host  ones; 
for  further  details,  lattice  dynamical  studies  of  lhc.se  materials  will  be  required. 

CONCLUSION 

In  summary,  the  transport  properties  and  thermopower  along  the  Ct  axis  of  the  Bi2.xSnxTe.i  arc 
understood  by  considering  the  formation  of  Sn-induced  impurity  band  near  the  main  valence 
bands.  Thermal  excitation  of  holes  in  the  Sn-induced  impurity  centres  leads  to  an  increase  in  the 
number  of  ionized  impurity  centres  and  holes  in  the  impurity  band,  which  give  rise  to  the 
enhancement  in  the  thermopower,  the  resistivity,  and  Hall  effect  of  this  unique  material  system. 
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ABSTRACT 

The  p-type  BiosSbisTea  compounds  with  Te  dopant  (4.0  and  6.0  wt%)  and  without 
dopant  were  fabricated  by  hot  extrusion  in  the  temperature  range  of  300  to  510  °C  under 
an  extrusion  ratio  of  204.  The  undoped  and  Te  doped  compounds  were  highly  dense 
and  showed  high  crystalline  quality.  The  grains  contained  many  dislocations  and  were 
fine  equiaxed  (  —  1.0  pi)  owing  to  the  dynamic  recrystallization  during  the  extrusion.  The 
hot  extrusion  gave  rise  to  the  preferred  orientation  of  grains.  The  bending  strength  and 
the  figure  of  merit  of  the  undoped  and  Te  doped  compounds  were  increased  with 
increasing  the  extrusion  temperature.  The  Te  dopant  significantly  increased  the  figure  of 
merit.  The  values  of  the  figure  of  merit  of  the  undoped  and  4.0  wt%  Te-doped 
compounds  hot  extruded  at  440  t)  were  2.11xi0~'yK  and  2.94X10 '^/K,  respectively. 

INTRODUCTION 

Bismuth  telluride  (Bi2Te3)  compounds  have  been  used  as  thermoelectric  cooling  and 
heating  materials,  since  they  have  the  high  figure  of  merit  at  room  temperature.  The 
compounds  have_a  rhombohedral  structure  (a=0.438  nm  and  c=3.049  nm)  and  belong  to 
space  group  R  3m  [1].  The  electrical  and  mechanical  properties  along  the  direction 
parallel  to  the  (111)  cleavage  plane  are  better  than  those  along  the  direction 
perpendicular  to  the  plane,  i.e.,  the  c-axis  [2,  3].  Since  the  compounds  have  the  cleavage 
features,  they  have  difficulty  for  the  mass  production  of  small  thermoelectric  modules.  It 
has  been  reported  that  the  phonons  for  SiGe  alloys  are  scattered  at  the  grain 
boundaries.  The  scattering  gives  rise  to  a  decrease  in  the  thermal  conductivity,  resulting 
in  an  increase  in  the  thermoelectric  performance  [3,  4].  One  way  of  increasing  the 
scattering  is  by  refining  the  grain  size.  The  grain  refinement  can  be  achieved  by  hot 
extrusion.  In  this  work,  we  fabricated  the  p-type  undoped  and  Te  doped  Bio.5Sb1.5Te3 
compounds  by  hot  extrusion  and  then  investigated  the  thermoelectric  properties  of  the 
compounds. 

EXPERIMENTAL 

To  fabricate  the  hot-extruded  p-type  undoped  and  Te  (4.0  and  6.0  wt%)  doped 
Bio.5Sb1.5Te3  compounds,  the  mixture  of  starting  powders  with  >99.99  %  purity  was 
heated  at  700  °C  to  make  a  melt.  The  solidified  ingot  was  crushed  into  fine  flakes  using 
AI2O3  bowl.  The  resulting  flakes  were  ball  milled  for  12  hours  and  then  sieved  to 
prepare  powders  with  45-74  im  size.  The  powders  were  compacted  by  hot  pressing  at 
420  °C  under  200  MPa  in  Ar  to  produce  the  billets  with  30  mm  diameter  and  6  mm 
length.  Subsequently,  the  compacted  billets  were  hot  extruded  in  the  temperature  range 
300  to  510  °C  at  steps  of  70  °C  under  an  extrusion  ratio  of  204  and  a  ram  speed  of  50 
mm/min. 

The  microstructure  of  the  compounds  was  investigated  by  transmission  electron 
microscopy  (TEM)  and  X-ray  diffraction  (XRD).  TEM  specimens  were  prepared  by 
mechanical  grinding,  dimpling,  and  ion  milling.  The  microstructure  of  the  specimens  was 
investigated  using  a  Philips  CM20  transmission  electron  microscope.  The  thermoelectric 
properties  of  the  hot-extruded  compounds  were  measured  at  room  temperature  along  the 
direction  parallel  to  the  extrusion  Erection.  To  measure  the  Seebeck  coefficient  a,  heat 
was  applied  to  the  specimen  which  was  placed  between  the  two  Cu  discs.  The 
thermoelectric  electromotive  force  E  was  measured  upon  applying  small  temperature 
difference  (4T  <  2  °C)  between  the  both  ends  of  the  specimen.  The  Seebeck  coefficient 
a  of  the  compounds  was  determined  from  the  E/ AT.  The  electrical  resistivity  p  was 
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measured  by  the  four-probe  technique.  The  repeat  measurement  was  made  rapidly  with 
a  duration  smaller  than  one  second  to  prevent  errors  due  to  the  Peltier  effect.  The 
thermal  conductivity  k  was  measured  by  the  static  comparative  method  using  ^ 
transparent  SiOa  («'=1.36  W/Km  at  room  temperature)  as  a  standard  sample  in  5x10’ 
torr. 

RESULTS  AND  DISCUSSION 
Microstructure 


High-quality  extruded  bars  without  any  defects  such  as  tearing,  orange  peel,  and 
blister  were  obtained  in  the  hot  extrusion  temperatures  of  300-440  "C,  However,  hot 
cracks  were  developed  during  the  hot  extrusion  at  510  "C.  This  would  result  from  the 
local  melting  due  to  the  heat  formed  by  the  friction  between  the  billet  and  die.  The 
density  of  the  compounds  increased  with  increasing  the  extrusion  temperature.  This 
increase  arises  due  to  an  improvement  in  the  bonding  between  the  powders.  The  highest 
density  was  obtained  at  440  "C  and  its  value  was  99.6  %  of  theoretical  density. 

The  bending  strength  of  the  hot  extruded  compounds  increased  with  increasing  the 
extrusion  temperature  due  to  the  porosity  decrease.  The  bending  strength  of  the 
compounds  hot  extruded  at  440  ‘C  was  92  MPa.  The  fractograph  of  the  compounds  hot 
extruded  at  440  ‘C  is  shown  in  Fig.  1.  It  is  apparent  that  the  fractograph  represents  the 
transgranular  cleavage  features.  The  fracture  path  follows  the  transgranular  cleavage 
planes.  The  orientation  change  from  grain  to  grain  is  also  found.  The  grain  size 
estimated  from  this  fractograph  is  —1.0  gm. 

The  XRD  patterns  obtained  from  the  compounds  hot  extruded  at  440  "C  are  shown 
in  Fig.  2.  Figures  2(a)  and  (b)  show  the  XRD  patterns  obtained  from  the  perpendicular 
and  parallel  sections  to  the  extrusion  direction,  respectively.  The  intensity  of  (0  0  6),  (0 
0  15),  and  (0  0  18)  planes,  which  arc  perpendicular  to  the  c-axis,  is  only  observed  at 
the  parallel  section.  This  indicates  that  the  hot  extrusion  gave  rise  to  the  preferred 
orientation  of  grains.  The  preferred  orientation  contributes  to  an  improvement  in  the 
thermoelectric  properties. 

Figures  3(a)  and  (b)  show  the  TEM  bright  field  images  from  the  perpendicular  and 
parallel  sections  to  extrusion  direction,  respectively,  for  the  compounds  hot  extruded  at 
440  "C.  It  is  evident  that  the  grains  arc  fine  equiaxed  (  —  1.0  fm)  and  contain  many 
dislocations.  This  leads  to  the  suggestion  that  dynamic  recry’stallization  (DRX)  occurred 
during  the  hot  extrusion.  The  DRX  is  important  for  increasing  the  ductility  during  the 
extrusion  and  refining  the  grains.  Also,  the  DRX  significantly  improves  the  product 
mechanical  strength  and  toughness.  The  cry’stalline  defects  such  as  stacking  faults  and 
microtwins  arc  not  found. 


Figure  1.  Fractograph  of  the  compounds  hot  extruded  at  440  "C. 
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2  e  (degree) 


Figure  2.  XRD  patterns  obtained  from  the  (a)  perpendicular  and  (b) 
parallel  sections  to  the  hot  extrusion  direction  for  the  compounds 
hot  extruded  at  440  °C. 
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Figure  3.  TEM  bright  field  images  obtained  from  the  (a)  perpendicular 
and  (b)  parallel  sections  to  the  extnision  direction  for  the  compounds 
extruded  at  440  'C. 


Effect  of  Extrusion  Temperature  on  Thermoelectric  Pronerties 

Tabic  1  shows  the  thermoelectric  properties  of  the  4.0  wt9o  Te  doped  compounds 
hot  extruded  at  various  temperatures.  As  the  extrusion  temperature  is  increased,  the 
carrier  concentration  rtc  is  decreased  and  the  mobility  /j  is  significantly  increased.  The 
significant  increase  in  mobility  arises  due  to  the  porosity  decrease.  At  present,  we  do 
not  know  the  origin  of  the  decrease  in  carrier  concentration.  The  Sccbeck  coefficient  a 
increased  with  increasing  the  extrusion  tcmi»raturc  because  of  the  decrease  in  carrier 
concentration.  As  the  hot  extnision  temperature  is  increased,  the  electrical  resistivity  p 
is  significantly  decreased.  The  electrical  resistivity  can  be  expressed  as  the  following 
relationship:  p=\/ncep.  Thus,  the  decrease  in  electrical  resistivity  would  result  from  the 
significant  increase  in  mobility  and  the  decrease  in  carrier  concentration.  Also,  the 
thermal  conductivity  k  increased  with  increasing  the  temperature.  The  increase  in 
thermal  conductivity  would  result  from  the  decrease  in  porosity  and  the  decrease  in 
phonon-grain  boundary  scattering.  The  figure  of  merit  Z  was  calculated  using  the 
following  equation:  Z=alp  k.  Tbc  figure  of  merit  increased  with  the  extrusion 
temperature.  This  is  due  to  the  fact  that  with  increasing  the  extrusion  temperature,  the 
Secbeck  coefficient  is  increased  and  the  electrical  resistivity  is  significantly  decreased, 
although  the  thermal  conductivity  is  increased.  The  compounds  hot  extruded  at  440  ‘C 
show  the  highest  figure  of  merit  (Z=2.94  x  10 '*/K). 


Effect  of  Te  dopant  contents  on  thermoelectric  properties 

Table  2  shows  the  variation  of  thermoelectric  properties  with  Te  dopant  contents  for 
the  compounds  hot  extruded  at  440  ’C.  The  Te  dopants  are  excited  so  that  thc\’  become 
cations  and  release  the  electrons,  thus  decrease  the  holes.  Consequently,  with  increasing 
the  Te  contents,  carrier  concentration  ric  is  decreased,  giving  rise  to  the  increase  in  the 
Seebcck  coefficient  a .  The  electrical  resistivity  p  increased  with  increasing  the  dopant 
contents  because  of  the  increase  in  scattering  by  the  carriers.  In  addition,  the  thermal 
conductivity  k  decreased  with  the  dopant  contents  because  the  phonons  were  scattered 
by  the  ionized  Te  impurity.  The  value  of  figure  of  merit  Z  shown  in  Table  2  was 
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calculated  using  Z^u^Ipk.  This  table  represents  that  the  Te  dopant  significantly 
increased  the  figure  of  merit.  The  figure  of  merit  of  the  undoped  and  4.0  wt%  Te-doped 
Bio.5Sb1.5Te3  compounds  are  2.11X10  /K  and  2.94x10  /K,  respectively. 


Table  1.  Thermoelectric  properties  of  the  4  wt%  Te-doped  Bio.5Sb1.5Te3 
compounds  hot  extruded  at  various  temperatures 


Hot  extrusion  temperature  (”C) 

300 

370 

440 

Uc  ( X  lO'^Vm"') 

1.23 

0.98 

0.85 

X 

0^ 

3 

0.73 

1.68 

3.96 

io  ( X 10  “Qm) 

6.92 

3.79 

1.85 

a  (/iV/K) 

145,8 

207.1 

231.1 

K  (W/Km) 

0.46 

0.69 

0.98 

Z  (X10  "/K) 

0.67 

1.63 

2.94 

Table  2.  Thermoelectric  properties  as  a 
for  the  compounds  hot  extruded  at  440 

function  of  Te  dopant  content 

Te  dopant  content  (wt  %) 

0.0 

4.0 

6.0 

nc  (X10"7m7 

1.16 

0.85 

0.81 

p  (xiO  'VA^s) 

3.29 

3.96 

3.53 

P  (xiO'^Qm) 

1.63 

1.85 

2.18 

a  WK) 

204.3 

231.1 

238.1 

K  (W/Km) 

1.21 

0.98 

0.94 

Z  ( x  10  7k) 

2.11 

2.94 

2.76 

CONCLUSIONS 

The  p-type  undoped  and  Te  doped  Bio.5Sb1.5Te3  compounds  were  highly  dense.  The 
grains  were  fine  equiaxed  (~1.0  and  contained  many  dislocations  due  to  the 
dynamic  recrystallization  during  the  extrusion.  The  grains  were  also  preferentially 
oriented  through  the  hot  extrusion.  The  high  density  and  fine  grains  contributed  to  an 
increase  in  the  bending  strength  and  figure  of  merit.  The  bending  strength  and  figure  of 
merit  were  increased  with  increasing  the  extrusion  temperature.  Also,  the  Te  dopant 
significantly  increased  the  figure  of  merit.  The  bending  strength  and  the  figure  of  merit 
of  the  4.0  wt%  Te  doped  compounds  hot  extruded  at  440  °C  were  92  MPa  and  2.94  x 
10  7K,  respectively.  The  high  bending  strength  can  improve  the  bonding  strength 
between  the  thermoelectric  materials  and  metal  electrode  during  soldering  for  the 
fabrication  of  thermoelectric  modules. 
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ABSTRACT 

The  thermoelectric  properties  of  ZnSb  films  grown  by  metallorganic  chemical  vapor 
deposition  (MOCVD)  are  reported.  The  growth  conditions  necessary  to  obtain  stoichiometric 
ZnSb  films  and  the  effects  of  various  growth  parameters  on  the  electrical  conductivity  and 
Seebeck  coefficients  of  the  films  are  described.  The  as-grown  ZnSb  films  are  p-type.  It  was 
observed  that  the  thicker  ZnSb  films  offer  improved  carrier  mobilities  and  lower  free-carrier 
concentration  levels.  The  Seebeck  coefficient  of  ZnSb  films  was  found  to  rise  rapidly  at 
approximately  160°C.  The  thicker  films,  due  to  the  lower  doping  levels,  indicate  higher  Seebeck 
coefficients  between  25  to  200”C.  A  short  annealing  of  the  ZnSb  film  at  temperatures  of  ~  200°C 
results  in  reduced  free-carrier  level.  Thermal  conductivity  measurements  of  ZnSb  films  using  the 
3-(a  method  are  also  presented. 

INTRODUCTION 

ZnSb,  with  a  stoichiometry  of  Zn:Sb=l:l,  has  long  been  considered  to  offer  high  figure- 
of-merit  (ZT)  for  power  generation  applications  [1],  ZnSb,  an  intermetallic  compound,  has  a 
high  Seebeck  coefficient  compared  to  other  phases  of  the  alloy  due  to  the  ionic  character  of  the 
compound.  ZnSb,  with  the  desired  1:1  stoichiometry,  has  been  difficult  to  prepare  in  bulk  form 
without  the  formation  of  other  eutectic  phases  of  the  alloy,  Zn4Sb3  and  Zn3Sb2,  from  a  peritectic 
reaction  of  the  Zn-Sb  melt.  The  presence  of  other  phases  reduces  the  overall  Seebeck  coefficient 
and  ZT  of  the  ZnSb  material. 

However,  certain  thin-film  deposition  techniques  which  take  place  under  non-thermal 
equilibrium  conditions,  and  are  driven  instead  by  kinetic  limitations,  allow  the  growth  of  films 
with  desired  stoichiometry.  Ion  cluster  beam  (ICB)  process  is  one  such  technique  and  ZnSb  thin 
films  grown  by  the  ICB  process  have  indicated  Seebeck  coefficients  as  high  as  600  p.V/K  at 
550K  [1].  These  ZnSb  films  had  appreciable  electrical  conductivity,  as  high  as  5E2  ohm  '  cm  ’. 
The  ZnSb  thin-films  were  p-type  with  carrier  mobilities  of  ~  22  cm^/V sec.  Even  so,  assuming 
that  the  thermal  conductivity  of  the  ZnSb  thin  films  were  comparable  to  bulk  samples,  a  ZT  of  ~5 
was  estimated  at  520K  by  Koyanagi  et.  al  [1]. 

In  this  paper  we  report  that  MOCVD-grown  ZnSb  films,  with  a  stoichiometry  of 
Zn;Sb=  1:1,  also  offer  high  Seebeck  coefficients.  We  also  provide  some  experimental  justification 
of  the  assumption  that  the  thermal  conductivity  of  the  thin-films  are  indeed  comparable  to  those 
of  bulk  ZnSb  crystals. 

MOCVD  OF  ZnSb 

The  ZnSb  crystal  has  a  primitive  orthorhombic  structure,  a  distorted  form  of  cubic 
structure,  as  shown  in  Figure  1.  Hence,  we  attempted  to  grow  these  films  on  commonly 
available,  face-centered  cubic-structured,  GaAs.  Si  and  Ge,  also  have  cubic  crystal  structures; 
however,  these  were  not  chosen  as  substrate  materials  for  they  cannot  be  made  non-conducting  or 
semi-insulating  to  enable  the  transport  property  measurements  of  the  ZnSb  films. 
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The  ZnSb  thin  films  were  deposited  on  scmi-insulating  GaAs  substrates  using  dicthylzinc 
(DEZn)  and  trisdimethylaminoantimony  (TDMASb).  Under  optimal  growth  conditions,  the 
desired  stoichiometry  was  reproducible  for  a  wide  ratio  of  flow  rates  of  these  growth  precursors, 
DEZn  and  TDMASb,  The  stoichiometry  values  were  determined  by  energy  dispersive  X-ray 
analysis.  X-ray  diffraction  studies  indicate  that  the  ZnSb  films  grown  on  GaAs  substrates  arc 
single-crystalline  with  the  dominant  orientation  of  the  film  along  the  growth  direction  being 
<2,2,-4,l>. 


Figure  1  Orthorhombic  Crystal  structure  of  ZnSb 


PROPERTIES  OF  ZnSb  FILMS 

Here,  we  first  discuss  the  electrical  transport  properties  of  ZnSb  films  measured  by  the 
van  der  Pauw  Hall  method.  Next,  the  Sccbcck  coefficient  (a)  measured  in  the  films  at  300K,  the 
variation  of  a  with  temperature,  and  the  effect  of  various  growth  conditions  on  a,  arc  discussed. 
The  thermal  conductivity  values  in  a  select  set  of  ZnSb  films  at  25  °C  and  150  °C,  measured  by 
the  3-co  method  are  presented  [2,3]. 

Electrical  Tran.sport  Properties 

The  as-grown  ZnSb  films  by  MOCVD  were  found  to  be  p-type.  similar  to  the  ZnSb  films 
[1]  grown  by  the  ICB  process.  Shown  in  Figure  2  is  the  effect  of  increased  layer  thickness  of  the 
epitaxial  ZnSb  film  on  the  residual  p-doping  level  and  hole  mobility  in  the  layer.  The  significant 
reduction  in  the  residual  doping  level  in  the  film,  in  conjunction  with  an  increase  in  mobility,  is 
indicative  of  reduced  defects,  possibly  Sb  vacancies  as  discussed  in  the  following  sections. 
Growth  of  ZnSb  films  thicker  than  ~  1.35  pm  was  not  attempted  in  this  study.  We  note  that  the 
best  carrier  mobility  (~  23.5  cm^Wscc)  of  a  micron-thick  MOCVD-grown  film  is  comparable  to 
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the  best  value  of  22.8  cm^A^sec,  observed  in  ICB-grown  ZnSb  films.  The  electrical 
conductivities  of  the  films  were  in  the  range  of  1E3  ohm  'cm  '. 
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Figure  2  Effect  of  ZnSb  layer  thickness  on  residual  doping  level  and  hole  mobility  at  25  "C 

The  high  residual  p-doping  level  in  the  ZnSb  films,  especially  in  the  thinner  films,  is 
attributable  to  native  Sb  vacancies.  With  thicker  films  i.e.,  larger  growth  time,  we  believe,  at  the 
growth  temperature  and  with  an  over-pressure  of  the  Sb-growth  precursor,  the  Sb  vacancies  get 
thermally  annealed  out.  Note  that  Sb  vacancies  are  expected  to  behave  as  acceptors.  Te,  a 
Group- VI  atom,  is  expected  to  occupy  the  Sb  site  as  a  donor  and  so  Te-doping  would  reduce  the 
residual  p-doping  level.  In  fact,  there  has  been  a  published  work  on  the  use  of  Te  doping  in  bulk 
CdSb  to  reduce  the  p-doping  level  [4].  So  we  investigated  Te  doping  in  ZnSb  films  and  the 
initial  results  are  shown  in  Table  I. 

For  a  constant  layer  thickness  of  ~  0.5  (im,  we  did  notice  a  drop  in  the  residual  p-type 
carrier  level  with  Te  doping.  At  higher  concentrations  of  the  Te-dopant,  we  observed  that  the 
ZnSb  films  become  polycrystalline  (based  on  x-ray  data)  and  even  though  the  residual  doping 
falls  dramatically  over  two  orders  of  magnitude,  the  hole  mobility  becomes  very  low  due  to  the 
polycrystalline  nature  of  the  films. 

Seebeck  Coefficients  in  ZnSb  Filins 

The  Seebeck  coefficients  (a)  in  the  ZnSb  films  were  measured  between  25  °C  to  200  "C. 
Shown  in  Figure  3  is  the  variation  of  a  with  temperature,  for  two  ZnSb  samples  of  different 
thickness.  We  observe  that  the  thicker  film,  due  to  the  lower  residual  doping  level,  indicates  a 
significantly  higher  a  through  out  the  temperature  range  of  measurement. 
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Table  1  Effect  of  Te  doping  on  properties  of  ZnSb  films 


Sample  # 

Thickness 

Te-Doping 

x-ray 

P 

P 

t(pm) 

(Torn) 

Data 

(cm'3) 

(cm^A^sec) 

7-235 

0.5 

_ 

Single  Crystalline 

4.5E20 

18.6 

7-244 

0.5 

3.5  X  10-4 

Single  Crystalline 

3.6E20 

20.0 

7-245 

0.47 

7.0  X  10-4 

Single  Crystalline 

3.1E20 

16.2 

We  also  observe  a  rather  sharp  rise  in  a  near  ITS'C  for  both  the  samples;  this  is  similar  to 
the  observed  a. vs.  T  behavior  of  ZnSb  fdms  grown  by  the  ICB  process  [I],  The  near-constant 
Seebeck  coefficient  between  25"C  to  ~I60"C  is  also  indicative  of  near-constant  electrical 
conductivity  and  absence  of  any  significant  chemical  or  structural  changes  in  the  film.  The  ZnSb 
films  may  be  undergoing  defect  annealing  near  and  above  160'C  [5].  We  have  observed  a 
reduction  in  carrier  concentration  and  an  incrca,sc  in  the  electrical  resistivity  of  the  ZnSb  films  at 
25  "C,  after  an  exposure  to  -200  "C  (Table  II).  The  reduction  in  carrier  concentration  is 
attributable  to  quenching  of  Sb-vacancics,  possibly  by  a  mechanism  such  as  Sb  displacement 
from  an  interstitial  site  to  a  substitutional  site. 
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Table  II 


Hall-Data  of  ZnSb  samples  before  and  after  200°C  exposure 


Sample 

# 

Thickness 

(pm) 

Before 

200°C  Exposure 

After 

200°C  Exposure 

■ 

(cm^/vs) 

P 

(cm'3) 

Resistivity 

(ohm-cm) 

It 

(cm^/vs) 

P 

(cm‘3) 

Resistivity 

(ohm-cm) 

7-127 

15.5 

5.4E20 

7.4E-4 

7-127-a 

9.0 

4.8E20 

1.45E-3 

Thermal  Conductivity  of  ZnSb  Films 

Measurements  of  the  thermal  conductivity  (K)  of  ZnSb  films  were  carried  out  using  the 
3-co  method  [2,3],  Shown  in  Table  III  are  the  K  values  at  25''C  for  two  ZnSb  films,  with  different 
carrier  concentration  levels.  It  is  interesting  to  note  that,  for  the  as-grown  films,  the  thermal 
conductivity  decreases  at  lower  carrier  levels.  This  suggests  that  a  significant  portion  of  the 
thermal  conductivity  may  be  due  to  transport  of  heat  by  the  high-density  of  free  carriers.  It  is 
worth  observing  that  Sample  7-240,  which  had  the  lowest  free-carrier  level  but  was 
polycrystalline  due  to  the  larger  Te-doping  level,  offers  the  lowest  thermal  conductivity  at  25“C. 
This  is  consistent  with  the  polycrystalline  grain-boundary  scattering  of  phonons  in  addition  to  a 
lower  electronic  contribution  to  the  overall  thermal  conductivity. 


Table  III  Thermal  conductivity  of  ZnSb  films  at  25  "C  determined  by  the  3-(0  method 


Carrier 

Sample  # 

Thickness 

Concentration 

Te 

K 

(pm) 

(cm'3) 

Doping 

(W/cm-K) 

7-248 

0.9 

4.0E20 

0.033 

7-247 

1.05 

2.4E20 

0.011 

7-240 

0.33 

2.0E18 

Yes;  Polycrystalline 

0.008 

As  noted  in  the  previous  section,  the  Seebeck  coefficient  of  ZnSb  films  remain  fairly 
stable  up  to  160”C  and  so  we  considered  the  measurement  of  thermal  conductivity  of  the  films  at 
~150°C  for  estimating  ZT  at  higher  temperatures.  The  3-to  data  on  a  set  of  ZnSb  samples  are 
shown  in  Table  IV.  For  single-crystal  films,  the  thermal  conductivity  (K)  falls  slowly  in  going 
from  25"C  to  150°C.  This  is  consistent  with  the  observed  variation  of  K  with  temperature  in 
CdSb  bulk  crystals  [4].  However,  the  polycrystalline  ZnSb  film  shows  an  increasing  K  with 
temperature,  consistent  with  reduced  phonon-scattering  at  grain  boundaries  at  higher 
temperatures. 

SUMMARY 

We  have  demonstrated  that  ZnSb  single-crystalline  films  with  a  stoichiometry  of 
Zn:Sb=l:l  can  be  grown  by  MOCVD.  The  residual  doping  level  in  these  films  was  rather  high, 
although  decreasing  monotonically  from  8.5E20  cm'^  for  layer  thickness  of  0.13  |xm  to 
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2,7E20  cm“3  for  layer  thickness  of  1.1  The  preliminary  values  of  Secbcck  coefficients  of 
these  films  were  found  to  be  as  high  as  372  pV/K  at  ~150°C.  The  3o>measurcd  K  values  of 
ZnSb  films  at  ~150”C  arc  -0.01  to  0.02  W/cm  K,  in  agreement  with  typical  values  seen  in  bulk 
ZnSb  crystals  [1]  at  such  temperatures.  Thc.se  results  suggest  that  ZnSb  films  does  offer 
potentially  higher  ZT  values,  larger  than  current  state-of-the-art  power  conversion  materials,  for 
low-temperature,  low-grade-heat,  thermoelectric  power  generation. 


Table  IV  Comparison  of  thermal  conductivity  of  ZnSb  films  at  25"C  and  150'  C 


Sample  # 

Thickness 

(pm) 

Crystallinity 

^25 

(W/cmK) 

Kisn 

(W/cmK) 

7-248 

0.9 

Singic-cry.stallinc 

0.033 

0.021 

7-247 

1.05 

Single-crystalline 

0,01 1 

0.009 

7-240 

0.33 

Polycrystallinc 

0,008 

0.020 
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ABSTRACT 

Thermoelectric  properties  of  polycrystalline  BbITei-xSexIs  (0.05  S  x  S  0.25),  fabricated  by 
mechanical  alloying  and  hot  pressing,  have  been  investigated.  Formation  of  n-type  BizITeo.g 
Seo.Os  alloy  powders  was  completed  by  mechanical  alloying  for  3  hours  at  ball-to-material 
ratio  of  5  :  1,  and  processing  time  for  BhCTei-xSexIs  formation  increased  with  BfeSes  content 
X.  Figure-of-merit  of  Bi2(Teo.9Seo.i)  was  markedly  increased  by  hot  pressing  at  temperatures 
above  450 "C,  and  maximum  value  of  1.9  x  10  Vk  was  obtained  by  hot  pressing  at  550 'C. 
With  addition  of  0.015  wt%  Bi  as  acceptor  dopant,  figure-of-merit  of  Bi2(Teo.9Seo.i)3,  hot 
pressed  at  550 'C,  could  be  improved  to  2.1  x  10  Vk.  When  Bi2(Tei-xSex)3  was  hot  pressed  at 
550  "C,  figure-of-merit  increased  from  1.14  x  10  Vk  to  1.92  x  10  Vk  with  increasing  BizSes 
content  x  from  0.05  to  0.15,  and  then  decreased  to  1.30  x  IO'Vk  for  x  =  0.25  composition. 

RITRODUCTION 

Thermoelectric  materials  have  been  widely  investigated  to  apply  for  Peltier  cooling  modules 
for  electronic  devices  such  as  integrated  circuit  packages,  laser  diodes  and  IR  detectors, 
because  quick  and  precise  control  of  temperature  is  possible  [1,2].  Single  crystal  and 
polycrystalline  Bi2Te3-Bi2Se3  alloys  of  5%  ~  25%  Bi2Se3  have  been  utilized  as  n-type 
materials  for  Peltier  coolers  [1-4]. 

As  a  new  processing  technique,  mechanical  alloying  has  been  applied  to  prepare 
polycrystalline  thermoelectric  materials  in  recent  years  [4-6].  Mechanical  alloying  is  a 
technique  in  which  intermetallic  compound  or  alloy  powders  are  fabricated  from  elemental 
powders  through  a  sequence  of  collision  events  inside  a  high  energy  ball  mill.  Since 
mechanical  alloying  process  occurs  near  room  temperature,  this  technique  can  be  a 
cost- saving  alternative  for  the  production  of  poly  crystalline  thermoelectric  materials  to  the 
conventional  "vacuum  melting/grinding"  process  where  a  long  processing  time,  and  high 
temperature  and  large  scale  facilities  are  required  [4-6].  Also  vaporization  of  calcogenide 
elements,  such  as  Te  and  Se,  and  segregation  of  dopants  may  be  prevented  in  powders 
produced  by  mechanical  alloying,  as  melting  process  is  not  involved  during  powder 
fabrication  processing  [5,7]. 

In  this  paper,  thermoelectric  properties  of  polycrystalline  BfelTei-xScxls  (0.05  £  x  ^  0.25), 
fabricated  by  mechanical  alloying  and  hot  pressing  have  been  investigated  with  variation  of 
Bi2Se3  content  x,  hot  pressing  temperature  and  the  amount  of  excess  Bi  addition,  as  acceptor 
dopant. 

EXPERIMENTAL  PROCEDURE 

High  purity  (>  99.99%)  Bi,  Te,  and  Se  granules  of  —4  mm  diameter  were  washed  with 
10%  nitric  solution,  acetone,  and  distilled  water  to  remove  the  surface  oxide  layer.  The 
appropriate  amounts  of  Bi,  Te  and  Se  were  weighed  for  BfelTei  xSexls  (0.05  <  x  ^  0.25) 
compositions  and  charged  in  a  hardened  tool  steel  vial  with  steel  balls  as  milling  media 
under  Ar  atmosphere.  Ball-to-material  weight  ratio  was  held  to  be  5  :  1.  Mechanical 
alloying  was  conducted  by  shaking  the  vial  at  approximately  1200  rpm  using  a  Spex 
mixer/mill.  After  the  vibro-milling  process  for  3  hours.  X-ray  diffraction  (XRD)  analysis 
was  performed  to  characterize  the  crystalline  phases  and  lattice  parameters  of 
Bi2(Tei-xSex)3  formed  by  mechanical  alloying.  DTA  was  conducted  in  Ar  atmosphere  at  a 
scan  rate  of  5"C/min  for  the  as-mixed  and  mechanically  alloyed  powders.. 
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Bi2(Tei  xSex):t  powders,  fabricated  by  mechanical  alloyiriR,  were  cold  pressed  at  32, b  MPa 
to  form  5  mm  x  5  mm  x  10  mm  compacts.  Hot  pressiriR  was  conducted  in  vacuum  at 
temperatures  ranging  from  300 1  to  SSOt  for  30  minutes.  DTA  was  also  conducted  for 
hot  pressed  specimens  in  Ar  atmosphere  at  a  scan  rate  of  5‘C/min.  Microstructure  on  the 
fracture  surface  of  hot  pressed  specimens  were  observed  using  scanning  electron 
microscopy  (SEM), 

Secbcck  coefficient  a  of  the  hot  pressed  specimens  was  measured  at  room  temperature 
by  applying  temperature  difference  of  lOT  at  both  ends  of  a  specimen  using  a  sub-heater. 
Electrical  resistivity  p  and  thermal  conductivity  K  were  measured  at  room  temperature 
using  Harman  method  [8]  in  vacuum  of  10  ^  ton-  to  minimize  thermal  conduction  through 
convection.  Figurc-of-merit  7,  was  characterized  using  the  equation  7.  =  aV(p-K). 

RESULTS  and  DISCUSSION 

As  shown  in  Fig.  1,  XRD  patterns  of  the  |X)wders,  mechanically  alloyed  for  3  hours,  clearly 
illustrated  that  formation  of  BizlTei  xSe.U:(  alloys  was  completed  by  mechanical  alloying  of 
elemental  Bi,  Te  and  Sc  powders  at  room  temperature. 

In  Fig.  2,  DTA  curves  of  BiztTcooScoib  and  BictTcoioSen  powders,  processed  by 
mechanical  alloying  for  3  hours,  were  illustrated  with  results  for  specimens  hot  pressed  at  5.30 
t:.  In  DTA  curves  of  mechanically  alloyed  powders,  only  one  endothermic  peak  was  observed 
for  compositions  with  BizSca  content  x  5  0.1.  For  Bi.sSci  content  x  >  0.15,  however,  two 
endothermic  reactions  occurred  at  around  600 ‘C,  which  might  indicate  that  powders  were 
composed  with  two  different  compositions  of  BizSci  content.  In  Bi::(Tc,Sc).i  single  crystals, 
formation  of  Tc-rich  second  phase  has  been  also  reported  for  compositions  with  BizSe.t 
content  more  than  -12  moUf.  [9,10],  As  indicated  in  Fig.  2,  processing  time  for  the 
formation  of  homogeneous  BizITei  xSc\):i  by  mechanical  alloying  was  increased  with  Bi>Se, 


Fig.  1  XRD  patterns  of  (Bio?c,Sbo75)zTe:i  Fig.  2  DTA  curves  of  mechanically 
powders  with  mechanical  alloying  time.  alloyed  and  hot  pressed  Bi  lTei  ^Sc\).i 

powders  for  (a)  x  =  0.1  and  (b)  x  =  0.15. 
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Seebeck  coefficient,  electrical  resistivity,  thermal  conductivity  and  figure-of-merit  of 
BblTeo.gSeo.ila,  mechanically  alloyed  and  hot  pressed  at  temperatures  ranging  from  300"C  to 
550"C,  were  illustrated  in  Fig.  3,  Seebeck  coefficient  of  Bi2(Teo.9Seo.i)3  increased  with  increasing 
hot  pressing  temperature  up  to  450 ’C,  and  then  decreased  with  further  increase  of  hot 
pressing  temperature.  In  Fig.  3(b),  electrical  resistivity  was  decreased  with  increasing  hot 
pressing  temperature  up  to  450 1,  which  might  he  due  to  densification  of  the  microstructure. 
Increment  of  electrical  resistivity  of  specimens,  hot  pressed  at  temperatures  above  450  "C,  could 
be  attributed  to  the  reduction  of  electron  concentration  by  compensation  with  holes  generated 
during  formation  of  anti-structure  defects.  Vaporization  of  Te  in  BigTes  alloys  and  thus 
formation  of  anti-structure  defects  were  reported  to  occur  more  severely  at  temperatures 
above  450"C  [9,11].  As  shown  in  Fig.  3(d),  figure-of-merit  of  Bi2(Teo.9Seo.i)  was  markedly 
increased  by  hot  pressing  at  temperatures  above  45013,  and  maximum  value  of  1.9  x  10  Vk 
was  obtained  by  hot  pressing  at  550  "C. 

To  improve  figure-of-merit  of  n-type  BkfTeo.gSeo.Os  by  increasing  Seebeck  coefficient, 
BiglTeo.gSeo.Oa  powders  with  addition  of  excess  Bi,  as  acceptor  dopant,  was  formed  by 
mechanical  alloying  for  3  hours  and  hot  pressed  at  55013.  Thermoelectric  properties  of  Bia 
(TeogSeo.i):;  were  shown  in  Fig.  4  with  variation  of  the  amount  of  excess  Bi.  With  increasing 
the  amount  of  excess  Bi,  Seebeck  coefficient  and  electrical  resistivity  of  BizlTeo.gSeo.ils 
increased  due  to  the  formation  of  anti-structure  defects.  When  excess  Bi  of  0.5  wt%  was 


Fig.  3  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity 
and  (d)  figure-of-merit  of  Bi2(Teo.9Seo.i)3  with  hot  pressing  temperature. 
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added,  transition  to  p-type  conduction  occurred  and  Sccbcck  coefficient  exhibited  a  positive 
value  of  54  iN/K.  With  addition  of  0.015  wt%  Bi,  as  shown  in  Fig.  4(d),  figurc-of-merit  of 
Bizd'eo.oScoiXi  was  improved  to  2.1  x  10 'Vk. 

1  hcrmoelcctric  properties  of  Bi^fTei  xSe.xla,  mechanically  alloyed  for  3  hours  and  hot  pressed 
at  550  C,  were  illustrated  in  Fig.  5.  Sccbcck  coefficient  and  electrical  resistivity  of  Bi4Tei  » 
ScJ:t  were  increased  with  increasing  BinScs  content  x  from  0.05  to  0,15,  and  then  decreased 
with  further  increase  of  BizSc:t  content.  As  shown  in  Fig.  5(d),  figure  of  merit  increased  from 
1.14  X  10  Vk  to  1.92  X  10 'Vk  with  increasing  Bi:.Sc.i  content  x  from  0.05  to  0.15,  and  then 
dccrca.scd  to  1.30  x  10  /K  for  x  =  0.25  composition. 

As  shown  in  Figs.  3  and  5,  mechanically  alloyed  and  hot  pressed  Bi.fTei  ,Scx):i  (0,05  <  x 
S  0.25)  exhibited  negative  Sccbcck  coefficient  and  thus  n-type  conduction  without  depending 
on  BixSo:t  content  and  hot  pressing  temperature.  For  single  crystal  BiztTc.Se))  without  addition 
of  donor  dopant,  however,  p-type  conduction  has  been  reported  for  compositions  with  Bi.iSei 
up  to  -22%  [2],  This  discrepancy  between  single  crystal  and  mechanically  alloyed  BiXTci  « 
ScJ:t  might  occur  due  to  the  following  two  reasons  :  firstly,  concentration  of  anti -structure 
defects  related  to  the  vaporization  of  Tc  and  Sc  was  much  lower  in  powders  fabricated  by 
mechanical  alloying  process,  compared  to  single  crystal  BirfTc.Sc).!  alloys.  Holes  were 
generated  during  formation  of  anti -structure  defects  by  substitution  of  Bi  into  Tc  or  Sc  sites. 


Fig.  4  (a)  Sccbcck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity 
and  (d)  figurc-of-merit  of  BblTcoirScnOj  with  the  amount  of  excess  Bi  addition. 
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Seebeck  coefficient  (^/K)  ^  Thermal  conductivity  (W/K-m)  Seebeck  coefficient  (//V/K) 


ig.  5  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity 
and  (d)  figure-of-merit  of  BrifTei  xSex)3  with  BbSes  content  x. 


Fig.  6  Seebeck  coefficient  of 
Bi2(Teo.85Seo.i5)3  vs.  reduction 
treatment  temperature  in  H2 
atmosphere. 
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Secondly,  the  surface  of  powders  fabricatexi  by  mechanical  alloyinfi  was  oxidiz('d,  and  oxyyen 
ions  m  the  Bizi'e.i  lallicc  were  reported  to  act  as  donor  dopant  [12],  To  confirm  the  effexis  of 
surface  oxidation  on  n-tytx-  conduction,  mechanically  alloyed  Bi(Tci,s,Scn  e.):<  ixnvders  were 
reduction-treated  in  Ib  ambient  for  24  hours,  and  then  hot  pressed  at  bfiO'C.  Secbeck 
coefficient  of  the  reduction-treated  Bi(Tci)s,Seoir.)s  was  illustrated  in  Fig.  6.  When  the  surface 
oxide  was  effectively  removed  by  reduction  at  400r,  mechanicalhv  allo.ved  and  hot  pressed 
BifTeo.nSeo.Os  also  exhibited  a  positive  Seebeck  coefficient  as  reported  for  single  crystal  [21, 
From  results  in  Fig.  6,  it  could  be  also  suggested  that  reduction  treatment  of  merhanicalK 
alloyed  BizTea-based  powders  should  be  conducted  at  400 'C. 

SUMMARY 

Formation  of  n-type  Bi;!(Teii')Se()i),i  alloy  fxnvders  was  completed  by  mechanical  alkning  of 
elemental  Bi,  Te  and  Sc  granule  of  ~4  mm  for  3  hours  at  bal|-to-material  weight  ratio  of  S  : 

1.  Contrary  to  the  powders  with  BizSei  content  x  <  0.1,  BifTci  sSe.My.):<  ixivvders  with  x  > 
0.15  were  comixised  of  two  different  compositions  after  mechanical  alloving  for  3  hours 
Mechanically  alloyed  and  hot  pressed  Bi:.(Tei.,Sc,ls  (0.05  <  x  <  0.25)  exhibited  negative 
Seebcck  coefficient  and  thus  n-ty|xi  conduction  without  deix-nding  on  Bi-Scs  content  x  and  hot 
pressing  temirerature.  When  mechtinically  alloyed  Bi(Teoc/.Seois).i  powders  were  reduction- 
treated  in  Ib  ambient  at  400 'C  for  24  hours  and  hot  pressed  at  briOf,  Seebeck  coefficient  of 
Bi(Teo,!iSco,i)3  was  changed  from  neg.ative  to  positive  value.  Thus,  it  could  be  suggested  that 
n-tyix:  conduction  of  mechanically  alloycxl  BizCI'ei  xSc^ls  was  partly  due  to  the  surface 
oxidation  of  the  itowdeis.  Figure-of- merit  of  BizdoioSoii),!  was  markixlK'  increasc'd  b\'  hot 
pressing  at  temixinitures  above  4.50'C,  and  mtiximum  value  of  1.9  x  10  Vk  was  obtained  b.v 
hot  pressing  at  550  C.  With  addition  of  0.015  wt%  Bi  as  acceiitor  doiiant,  figure-of-merit  of 
Bi2(Te(i,nSeo,i),i,  hot  pressed  at  550“(:,  could  be  improvexi  to  2.1  x  10' Vk.  When  Bi.fTei  xSexl.y 
was  hot  pressed  at  550'C,  figure-of-merit  increased  from  1.14  x  10'Vk  to  1.92  x  10  Vk  with 
increasing  BiaScn  content  x  from  0.05  to  0.15,  and  then  decreased  to  1.30  x  IO'Vk  for  x  = 
0.25  comixisition. 
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ABSTRACT 

We  have  measured  the  thermal  conductivity  of  Tl^Mo^Se^,  a  quasi-one  dimensional  conductor 
which  belongs  to  the  family  of  M^Mo^X^  linear  chain  compounds.  Using  these  results  and  our 
measurements  of  the  Seebeck  coefficient  and  the  electrical  conductivity  we  estimate  the 
dimensionless  figure  of  merit  to  be  of  the  order  of  0.08.  This  result  suggest  that  this  compound 
and  other  related  compounds  are  good  potential  TE. 

INTRODUCTION 

In  recent  years,  the  field  of  thermoelectrics  (TE)  has  been  the  subject  of  rising  research 
activity."'^'  This  is  mainly  due  to  the  need  for  cryo-cooling  of  electronic  devices,  increasing 
environmental  awareness,  and  the  advantage  for  low  noise  refrigeration,  without  moving  parts,  for 
domestic  as  well  as  military  purposes.  Research  in  TE  follows  two  directions:  (1)  the  new  direction 
consists  in  the  search  for  novel  materials  with  enhanced  TE  properties,  and  (2)  the  traditional 
approach  which  consists  in  the  optimization  of  the  TE  properties  of  known  materials  through 
doping  and  other  mechanism  that  would  enhance  the  figure  of  merit.  One  of  the  prormsing  type  of 
materials  for  TE  applications  are  low  dimensional  compounds.  The  purpose  of  this  study  is  to 
investigate  the  potential  for  TE  of  the  family  of  quasi- ID  materials,  M^Mo^X^  (M=  Tl,  K,  Na, 
In...,  and  X  =  Se,  Te....).  Most  of  these  compounds  exhibit  a  metal  insulator  transition 
supposedly  driven  by  a  Peierls  transition.'''*'  This  paper  focuses  on  the  TE  properties  of  the 
TljMOjSe^  compound.  This  compound  is  an  excellent  testing  system  for  the  whole  family  of 
compounds,  because  of  its  high  electrical  conductivity,  rather  high  room  temperature  Seebeck 
coefficient  (S)  and  the  sensitivity  of  these  properties  to  stress  and  doping."’®' 

EXPERIMENT 

The  structure  of  these  compounds  consists  of  infinite  chains  of  Mo^Xj  running  along  the 
hexagonal  axis.'’'  The  transition  metals  are  intercalated  between  these  chains.  In  addition  to  the 
other  remarkable  properties  such  as  a  metallic  R  vs.  T  behavior  and  a  rather  high  superconducting 
transition  temperature  (T,  =  6.5  K)  for  a  quasi-one  dimensional  compound,  Tl^MOgSe^  has  a  high 
Seebeck  coefficient,  -40  pV/K  at  room  temperature."'®’""  The  resistance  of  these  compounds,  was 
measured  using  the  conventional  four  probe  technique.  Figure  1  shows  the  metallic  behavior  of  the 
electrical  resistance. 

For  the  measurement  of  the  Seebeck  coefficient,  the  two  ends  of  the  sample  were  attached  to  Cu 
wires  using  Ag  paint.  A  welded  Cu-(Au-Fe  0.7%)  junction  was  used  to  measure  the  thermal 

gradient,  AT,  across  the  sample.  AT  is  applied  using  a  45  £2  heater  attached  to  a  Cu  block  to 
which  both  the  sample  and  the  thermocouple  junction  are  thermally  anchored.  At  each  temperature, 
the  linearity  between  the  thermal  voltage  and  AT  was  checked.  The  temperature  dependence  of  the 
Seebeck  coefficient  of  this  compound  is  consistent  with  previously  published  results  which  we 
reproduce  in  Figure  2.''"  For  comparative  reasons  we  also  show  the  temperature  dependence  of  the 
In2MOf,Se(,.  The  solid  triangle  and  solid  circles  are  representative  points  from  our  measurements 
shown  to  verify  consistency  of  our  results  with  previous  publications. 

Although,  sufficient  data  already  exists  concerning  R  and  S  for  these  compounds,"  *'  a  complete 
characterization  of  the  TE  properties  requires  the  knowledge  of  the  thermal  conductivity  (k).  This 
is  perhaps  the  most  challenging  problem  due  to  the  small  size  of  the  samples  which  have  whisker¬ 
like  morphology  with  typical  dimension  of  2{K)0xl0xl0  pm'.  A  special  experimental  setup  was 
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Figure  1.  Resistance  vs.  Temperature  curve  showing  the  metallic  behavior  of  TI^Mo^Sc^. 


T/K 

Figure  2.  The  therniopowcr  of  TljMc^Se^,  and  InjMO(,Se(,,  a  reproduction  from  Ref.  4. 

The  solid  triangle  and  the  solid  circle  arc  our  results  shown  to  verify  consistency. 

developed  for  this  purpose.  The  techniques  uses  a  standard  Nb  wire  in  series  with  the  sample  and 
provides  the  absolute  value  of  K  by  comparing  the  thermal  gradients  across  the  sample  with  that 

across  the  standard,  for  the  same  amount  of  heat  flow  through  both.  This  technique  is  described  in 
a  separate  article  accepted  for  publication  to  the  Journal  of  Scientific  Instruments.""'  Figure  3 
shows  the  temperature  dependence  of  K  for  the  Tl  compound,  k  is  nearly  T  independent  down  to 
about  200  K.  A  broad  peak  is  observed  at  around  40  K. 

Based  on  these  measurements  and  published  results  by  others  we  calculated  the  room 
dimensionless  thermoelectric  figure  of  merit,  ZT  for  this  compound.  Using  p  =  Sx^  ^nm, 

S  =  -40|iV/K""andourrcsult.sforKat  200  K  (12  W/mK).  We  obtain  ZT  =  0.08.  Due  to  the 
rapid  drop  in  the  Sccbcck  coefficient  and  the  incrca.se  in  k  at  lower  temperatures  we  expect  a  lower 
figure  of  merit  at  low  temperature.  This  rather  large  figure  of  merit  suggest  that  this  compound  or 
the  other  compounds  from  the  .same  family  have  a  real  potential  for  TE  application.  Work  is  in 
progress  to  improve  the  properties  through  chemical  doping.  A  factor  of  three  in  the  Seebeck 
coefficient  should  be  sufficient  to  make  thc.se  materials  technologically  interesting  or  as  model 
compounds  for  the  design  and  engineering  of  novel  low  dimensional  materials  for  TE  application. 
Work  is  in  progress  to  fully  characterize  the  related  In  compound. 
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Figure  3.  Temperature  dependence  of  the  thermal  conductivity  of  Tl2MOj,Se5. 
An  additional  scaling  factor  of  ±25%  is  due  to  size  uncertainty. 
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ABSTRACT 

The  thermoelectric  transport  properties  of  superlattices  have  been  studied  using  an  exact  solution  of 
the  Boltzmann  equation.  The  role  of  heat  transport  along  the  barrier  layers,  of  carrier  tunneling 
through  the  barriers,  of  valley  degeneracy  and  of  the  well  width  and  energy  dependences  of  the 
carrier-phonon  scattering  rates  on  the  thermoelectric  figure  of  merit  are  given.  Calculations  are 
given  for  Bi2Te3  and  for  PbTe,  and  the  results  of  recent  experiments  are  discussed. 

INTRODUCTION 

There  has  been  a  renewed  interest  in  the  past  few  years  in  finding  new  materials  for  potential 
use  in  cleaner  more  efficient  cooling  applications  [1],  and  superlattice  systems  have  been  one  focus 
of  this  work.  The  dimensionless  "figure  of  merit"  ZT,  [2]  provides  a  measure  of  the  quality  of 
materials  for  such  applications.  It  is  given  by  ZT-oS^T/k,  where  a  is  the  electrical  conductivity, 

S  is  the  thermoelectric  power,  T  is  the  temperature,  and  k  is  the  total  thermal  conductivity.  Even 
modest  improvements  in  ZT  would  be  quite  desirable  for  a  number  of  applications. 

Interest  in  superlattices  as  desirable  thermoelectric  materials  was  stimulated  several  years  ago  by 
suggestions  [3-5]  that  they  would  give  greatly  enhanced  thermoelectric  efficiencies  as  compared  to 
their  bulk  counterparts.  These  suggestions  were  based  on  arguments  using  the  densities  of  states 
for  ideal  two-  and  one-dimensional  systems  and  did  not  include  the  effects  of  the  finite  thickness  of 
the  barriers  for  transport  or  of  carrier  tunneling  between  the  layers  of  finite  barrier  heights.  In 
subsequent  work  [6- 10]  the  effects  of  finite  barrier  widths  and  of  finite  barrier  heights  on 
thermoelectric  transport  in  superlattices  systems  have  been  studied.  These  two  effects  tend  to 
decrease  ZT  at  each  well  or  wire  width  as  compared  to  those  for  ideal  two-  and  one-dimensional 
systems. 

More  recently,  we  have  considered  the  effects  of  the  well  width  and  energy  dependences  of  the 
scattering  rates  of  carriers  in  these  systems  [11].  It  is  well  known  that  electron  scattering  rates  in 
superlattices  differ  qualitatively  from  those  in  bulk  materials  [12-14].  These  effects  gives  rise,  for 
example,  to  decreasing  carrier  mobility  with  decreasing  well  thickness.  All  previous  work  on 
thermoelectric  transport  in  superlattices  has  employed  a  constant  relaxation  time  approximation, 
which  assumes  that  the  carrier  scattering  time  is  independent  of  carrier  energy  and  of  well  or  wire 
thickness.  In  addition  to  these  effects,  in  all  considerations  of  transport  in  confined  stmctures,  it 
must  be  kept  in  mind  that  the  carriers  exist  in  quantized  subbands  and  that  the  valley  degeneracy  of 
multi-valley  bulk  semiconductors  can  be  lifted  by  the  quantum  confinement. 

Our  interest  in  this  area  has  been  in  developing  a  quantitative  treatment  of  thermoelectric 
transport  in  realistic  superlattice  systems.  Here  we  give  results  from  the  most  complete  treatment 
to  date  of  this  transport  in  quantum  well  superlattices.  This  treatment  includes  fully  the  elastic  and 
inelastic  carrier-phonon  scattering  and  also  the  effects  of  multiple  carrier  valleys.  Our  multi¬ 
subband  formulation  provides  an  exact  solution  to  the  Boltzmann  equation  for  carrier  transport  in 
the  plane  of  quantum  wells,  from  which  we  obtain  the  transport  coefficients  and  ZT.  Using  results 
from  this  treatment,  we  discuss  here  several  physictd  effects  which  are  essential  for  a  reliable 
understanding  thermoelectric  transport  in  superlattices. 

Here  quantum  well  superlattices  with  well  and  barrier  widths,  a  and  b,  and  period  d=a+b  are 
considered.  We  focus  on  transport  in  the  plane  of  the  quantum  well  layers,  which  is  the  direction 
of  interest  in  most  work  to  date.  A  Boltzmann  equation  approach  is  used  for  the  steady  state 
electron  transport  in  the  presence  of  weak  electric  field  E  and  weak  temperature  gradient  VT.  The 
electric  and  heat  currents  in  the  superlattice  are  given  by 
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Je  =  -el  (1) 

nj  4k- 

Jq— S  j~  3''nj(^ “ (2) 

nj  47t 

with  6fnj  is  the  deviation  from  the  equilibrium  distribution  function  for  the  n*h  carrier  subband  and 
jth  valley 

^ ■  ^^2nj(k|l)]  (3) 

where  the  scattering  functions,  Tinj  and  T2nj.  arc  determined  from  the  solution  of  the  Boltzmann 
equation  for  each  well  thickness.  Here  e  =  enj(k)  is  the  energy  dispersion  of  the  carrier  in  the  nj*** 
subband,  and  mj||  is  the  mass  of  the  jth  valley  for  motion  along  the  quantum  well.  The  currents  are 
related  to  the  transport  coefficients  by 

Je  =  oE  -  oSVT  JQ  =  oSTE  -  YeVT  (4) 

where  Ye  =  Xe  +  oS2t,  and  Ke  is  the  electronic  contribution  to  the  thermal  conductivity. 

CONSTANT  RELAXATION  TIMES 

First  we  use  the  constant  relaxation  time  approximation  (CRTA)  to  discuss  the  effects  of  finite 
barrier  widths  and  of  carrier  tunneling  between  quantum  well  layers.  At  this  point  we  neglect  the 
well  width  and  energy  dependence  of  the  scattering  rates  and  the  effect  of  confinement  on  the 
valley  degeneracy.  In  this  approximation  to  the  Boltzmann  equation,  the  transport  coefficient  can 
be  expressed  as  [15] 


where 


and 


o  =  Lo 

oS--eTL|  Y-g2T^2 

(5) 

9f0  „  • 

Lj  =  de 

(-— )  o(e)  (e  -  OJ 

de 

(6) 

o(e)  =  e2T 

(7) 

Here  %  is  the  relaxation  time,  k  is  a  three-dimensional  wavcvcctor,  fo  is  the  equilibrium  Fermi 

distribution,  Vx  =  h  3e(k)/0kx,and  p  is  the  chemical  potential  of  the  carriers.  The  transport  is 
taken  to  be  in  the  x-direction.  The  total  thermal  conductivity  is  composed  of  a  phonon  part  in 
addition  to  the  electronic  contribution,  K  =  +  k^. 

In  order  to  treat  carrier  tunneling  through  the  barriers,  we  use  an  Kronig-Penny-like  model  to 
describe  their  dispersion  for  a  finite  potential  off-set  Vq.  The  carrier  dispersion  of  the  n'h  subband 
then  is 


En(k)  =  En(kz)  + 


[^mx  my  J 


(8) 
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Here,  the  superlattice  axis  is  in  the  z-direction,  mx  and  my  are  the  anisotropic  effective  masses  in 
the  plane  of  the  layers,  and  En(kz)  is  obtained  by  solution  of  the  Kronig-Penney  model.  For 
relatively  weak  coupling  between  wells,  en(kz)  can  be  approximated  by 


en(kz)  =  EnO  +  An  (  1  +  coskzd  )  (9) 

where  EnO  is  the  energy  at  the  bottom  of  the  nth  subband,  the  overlap  integrals.  An  ,  give  the  half¬ 
width  of  the  subband,  and  the  4-  ( - )  sign  corresponds  to  negative  (positive)  band  dispersion.  An 
depend  on  potential  height  Vq,  the  barrier  and  well  widths  a  and  b  and  on  the  subband  index  n. 

For  the  range  of  parameters,  a,  b,  and  Vq,  considered  here,  we  find  that  this  form  gives  a  good  fit 
to  the  relevant  portion  of  the  exact  Kronig-Penney  band  structure.  Then  the  density  of  states  of  the 
superlattice  then  can  be  obtained  analytically  by  summing  over  wavevectors  at  a  given  energy  [16]. 

In  order  to  illustrate  the  effects  of  the  superlattice  band  structure  on  ZT,  calculations  have  been 
made  for  Bi2Te3  superlattices.  In  the  bulk  it  has  the  one  of  the  highest  ZT  values  known.  The 
transport  properties  of  Bi2Te3  are  highly  anisotropic.  We  take  the  x-direction  to  be  in  the  quantum 
well  plane  and  to  be  along  the  aQ  axis  of  the  hexagonal  unit  cell.  The  superlattice  direction  z  is 
taken  to  be  along  the  bo  axis  of  the  unit  cell,  which  gives  [3]  mx  =  0.021,  my  =  0.32  and  mz  = 
0.081  and  a  mobility  px  =  1200  cm2A^sec.  These  calculations  were  done  at  room  temperature, 
T=300K,  and  in  each  case  the  carrier  density  is  chosen  to  maximize  ZT.  The  value  of  the  phonon 
contribution  to  the  thermal  conductivity  is  [3]  Kph  =  0.015  W/cmK  for  the  well  and  barrier 
material.  Here  we  have  taken  both  the  quantum  well  and  barrier  materials  to  be  the  same,  and  we 
describe  a  superlattice  by  putting  a  potential  barrier  between  them.  In  this  case  in  order  to  account 

for  the  six  valleys  of  the  conduction  band  of  Bi2Te3,  o  and  Ke  have  been  multiplied  by  6  for  both 
bulk  and  superlattices.  For  the  superlattices,  this  is  expected  to  be  an  overestimate  of  these 
quantitities  because  the  anisotropic  masses  partially  lift  the  valley  degeneracy. 

Figure  1  gives  ZTs  for  the  Bi2Te3  superlattice  scaled  by  the  bulk  value,  which  is  calculated  to 
be  ZT3£)=0.53,  as  a  function  of  the  thickness  of  the  quantum  well  layer,  a,  for  three  different 
ratios  of  the  barrier  to  well  thickness  b/a.  Here  the  btirrier  height,  Vq,  is  taken  to  be  0.2  eV,  a 
value  that  is  typical  of  off-sets  in  semiconductor  superlattices.  For  thicker  wells,  ZTs  lies  below 
that  of  the  bulk,  and  this  effect  is  more  pronounced  for  the  larger  barrier  thicknesses.  This 
behavior  arises  from  the  parasitic  effects  of  the  thermal  current  that  flows  through  the  barrier 
layers.  For  decreasing  well  widths,  ZTs  increases  and  reaches  a  maximum,  and  then  for  still 
smaller  well  widths  ZTs  decreases  as  a  result  of  carrier  tunneling  through  the  barriers.  The  value 
of  the  well  width  at  which  the  maximum  occurs  decreases  for  increasing  barrier  widths  b.  The 
maximum  of  ZTs  for  superlattices  is  found  to  be  somewhat  larger  than  the  bulk  value  and  is  nearly 
independent  of  the  barrier  width  for  this  range  a  and  b.  This  enhancement  arises  from  the  changes 
in  the  density  of  states  upon  electron  confinement  in  relatively  narrow  wells. 

Figure  2  shows  the  dependence  of  ZTs  on  the  barrier  height,  Vq.  For  large  periods  d,  ZTs 
increases  for  decreasing  Vq  and  approaches  the  bulk  value.  In  effect,  the  thermal  conduction  in  the 
barriers  becomes  relatively  less  important  as  the  carriers  spread  out  into  the  barriers.  For 
superlattice  periods  near  the  maximum  of  ZTs  its  enhancement  over  the  bulk  value  is  larger  for 
larger  Vq,  which  arises  from  greater  quantum  confinement  manifested  by  flatter  superlattice 
dispersions.  This  shows  that  the  maximum  in  ZTs  arises  from  tunneling  between  the  layers. 
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Fig.  1.  The  figure  of  merit  Z75  of  Bi2Te3 
superlattice.s  scaled  by  ZT30  for  the 
corre.sponding  bulk  given  as  a  function  of  the 
well  width  a  for  several  ratios  of  the  barrier 
width  to  well  width,  h/ci  =  Ml  (dashed  line), 

1  (.solid  line),  and  2  (dashed  -  dotted  line). 


a(A) 

Fig.  2.  The  figure  of  merit  ZTs  of  Bi2Te3 
.supcrlatticcs  (scaled  by  ZJ3D)  as  a  function  of 
the  superlattice  period  d  for  potential  barrier 
heights,  =  0.2  eV  (dashed  dotted  line),and  1 
eV  (solid  line).  Also  shown  is  the  ZF.y  for 
V„=oo  and  b=0  (dashed  line). 


CONFINEMENT  EFFECTS  ON  SCATTERING  TIMES  AND  VALLEY  DEGENERACY 

The  CRTA  assumes  that  the  carrier  scattering  time  is  independent  of  carrier  energy  and  well 
thickne.ss.  It  is  well  known  that  electron  scattering  rates  in  supcrlatticcs  differ  qualitatively  from 
those  in  bulk  materials!  12- 14].  We  expect  the  dominant  carrier  scattering  at  room  temperature  to 
be  due  to  quasi-ela.stic  acoustic  phonon  .scattering  via  the  deformation  potential  interaction  and 
inelastic  polar  optical  phonon  scattering  via  the  Frbhiich  interaction.  Scattering  by  ionized 
impurities  is  less  important  at  room  temperature.  From  the  results  obtained  above  in  the  constant 
relaxation  time  approximation,  we  see  that  strong  carrier  confinement  in  the  quantum  well  layers 
produces  large  ZTs,  and  our  interest  here  is  in  the  maximum  values  of  ZT  occurring  with 
confinement.  Thus,  we  will  consider  the  strong  confinement  limit  in  which  the  barrier  height  Vq 

->  00.  For  this  ca.se,  no  tunneling  occurs  between  the  quantum  wells.  In  order  to  solve  the 
Boltzmann  equation  in  this  ca.se,  we  use  an  iterative  approach  that  was  developed  to  treat  inelastic 
scattering  mechanisms  in  bulk  systems  [17,18].  We  have  extended  this  approach  to  treat  the  multi¬ 
subband  case  of  a  quantum  well  superlatticc.  For  transport  in  the  x  direction  in  the  plane  of  the 
well,  the  tran.sport  coefficients  arc  given  by 


e^kgT  ,  I 

CT=  — Jdx] 
7C«  d  nj  0 

ekg 


3x 


FiniWx 


oS  =  - 


I  jdx 

nj  0 


9f0(^nj)l 

3x  / 


2njWx 


(10) 
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Here  the  Fermi  distribution  fo=l/(exp(x-^nj)+l)  involves  the  scaled  chemical  potential,  ^nj  =  (!••- 
8jjj)/kBT,  where  enj  is  the  energy  at  the  bottom  of  the  n^^  subband  deriving  from  the  jth  valley. 

For  illustration  we  evaluate  the  transport  coefficients  and  figure  of  merit  ZT  for  PhTe 
superlattices,  which  are  of  particular  current  interest  experimentally.  Bulk  PbTe  is  a  multi-valley 
semiconductor  which  has  four  parabolic  anisotropic  conduction  band  valleys  along  the  [1 1 1] 
crystallographic  directions.  In  this  case  we  consider  explicitly  the  lifting  of  the  carrier  valley 
degeneracy  of  multi-valley  semiconductors  due  to  confinement.  The  superlattice  axis  is  along  the 
[111]  direction.  We  employ  a  two-band  k*p  model  to  obtain  the  band-edge  masses  for  the 
^,2  .2\ 


h2 

valley  as  ej(k)  =  -j- 


miz 


ml’  masses  along  the  superlattice  axis  and 

V  I  J 

in  the  plane  of  the  layers,  respectively.  Along  the  principal  axes  of  the  single  longitudinal 
ellipsoidal  valley  aligned  along  [111]  (z-direction)  we  find  miz=0.35  and  mi||=0.034.  The  other 
three  oblique  valleys  are  equivalent,  and  the  band-edge  mass  for  these  valleys  projected  along  the 
[111]  direction  is  moz=0.038.  The  corresponding  density-of-states  averaged  in-plane  mass  is 
calculated  to  be  moll=0.076.  The  parameters  used  in  the  calculations  of  the  scattering  rates  are  [19] 

the  longitudinal  optical  phonon  energy  hOQ  =14  meV,  the  static  and  high  frequency  dielectric 
constants,  ko=33,  Koo=414,  the  deformation  potential  constant,  D=25eV,  and  pvj  =  486  meV/A^ 


where  p  is  the  density,  and  vi  is  the  average  speed  of  the  longitudinal  acoustic  phonons.  The 

lattice  contribution  to  the  thermal  conductivity  in  PbTe  is  taken  to  be  Kph=2W/m-K. 

We  begin  by  taking  the  barriers  to  have  zero  thickness  and  infinite  potential  height,  which 
produces  the  highest  ZT  in  the  CRTA.  Once  again,  the  carrier  density  is  chosen  to  maximize  ZT. 
The  solid  line  in  Figure  3  gives  ZTsL  /ZTBulk  as  a  function  of  well  thickness.  With  decreasing 
well  thickness,  ZTsL  first  decreases  and  then  increases  for  the  narrowest  wells.  This  behavior  is 
caused  by  the  lifting  of  the  valley  degeneracy  due  to  the  quantum  confinement,  which  occurs 
because  of  the  large  difference  in  effective  masses  for  longitudinal  and  oblique  valleys  along  the 
confinement  direction.  As  the  well  thickness  decreases  further,  the  ZT  of  the  system,  now  with 
only  a  single  contributing  valley,  increases  modestly.  ZTsL  remains  below  the  bulk  value  for 
wells  down  to  lOA.  The  dotted  line  is  ZTsL  calculated  in  a  multi-subband  CRTA  that  uses  the 
same  constant  relaxation  time  for  each  subband,  which  is  chosen  to  match  the  bulk  mobility  [19], 
Pbulk  =1700cm2Ar-s.  The  same  trend  is  evident  in  this  case.  Thus,  for  well  widths  of  interest  in 
practice  the  increase  in  ZTsL  brought  about  by  the  strong  confinement  is  more  than  offset  by  a 
decrease  in  ZTsL  arising  from  the  lifting  of  the  valley  degeneracy. 

In  order  illustrate  the  role  of  an  accurate  treatment  of  the  carrier  scattering,  we  consider  a  model 
of  a  PbTe  superlattice  system  in  which  all  four  valley  are  degenerate  with  the  mass  of  the  [1 1 1] 
valley.  The  dash-dotted  line  in  Figure  3  gives  the  ZTsL  from  the  CRTA  with  this  valley 
degeneracy.  For  small  well  thicknesses,  ZTsL  increases  sharply,  reaching  a  value  almost  5  times 
the  bulk  value  for  the  narrowest  well  considered,  a=10A.  For  comparison,  the  dashed  line  shows 
ZTsL  obtained  with  the  theoretical  treatment  given  here.  It  is  evident  that  the  increase  in  ZTsL  is 
considerably  smaller  than  that  predicted  by  the  CRTA.  This  difference  arises  from  the  decrease  in 
the  scattering  functions,  xinj  and  T2nj.  with  decreasing  well  width. 
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a(A) 


Fig.  3.  ZTsi  IZTsulk  v.s.  well  thickncs.s,  a, 
for  PbTe  .superlattice.s  having  zero  barrier 
thickne.s.s  with  and  without  lifting  of  valley 
degeneracy.  Solid  line:  full  treatment  in  text 
including  lifting  of  valley  degeneracy;  dotted 
line:  CRTA  with  lifting  of  valley  degeneracy; 
Dashed  line:  full  treatment  with  enforced  valley 
degeneracy;  Dash-dotted  line:  CRTA  with 
enforced  valley  degeneracy. 


a(A) 


Fig.  4.  ZTsL  IZTbm  (solid  line),  P/Psulk. 
(dashed  line)  as  a  function  of  well  thickness  for 
PbTe  quantum  well  supcrlallices  with  zero 
barrier  thickness,  and  ZTsL  IZ-TsuIk  with 
same  well  and  barrier  thickness  (dash-dotted 
line). 


Recent  experimental  work  [20]  has  reported  an  increase  in  the  factor,  nS^,  in  PbTe/PbEuTe 
quantum  well  systems,  where  n  is  the  carrier  density.  In  the  CRTA,  n  a  a,  so  that  nS2  a  P, 
where  P=aS2  is  called  the  power  factor  and  is  proportional  to  the  numerator  of  ZT.  However, 
because  the  x's  should  not  be  constant,  this  proportionality  should  not  hold.  Thus  it  is  of  interest 
to  compare  the  well  width  dependence  of  nS2  with  that  of  ZT  obtained  from  the  full  theoretical 
treatment.  In  figure  4,  ZTsL  and  nS2,  .scaled  by  their  bulk  values,  are  plotted  as  functions  of  well 
thickness  for  PbTe  quantum  well  superlatticcs  with  zero  barrier  thickness.  As  before,  the  carrier 
density  is  chosen  to  maximize  P  and  ZT.  With  decreasing  well  thickness,  nS2  increases  more 
rapidly  than  does  ZT.  These  results  suggest  that  one  must  exerci.se  care  in  using  nS2  as  a  direct 
measure  of  ZT.  A  more  reliable  measure  of  ZT  would  be  provided  by  the  power  factor  itself 
becau.se  cr  includes  the  well-thickness  dependent  scattering  functions,  whereas  n  does  not. 

Finally  we  consider  the  effects  of  barrier  layers  of  non-zero  thickness  on  ZTsL-  For  simplicity, 
we  neglect  the  electron  tunneling  through  the  barrier  layers.  The  dash-dotted  line  in  Figure  4 
shows  ZTsL  vs.  a,  for  well  and  barrier  thicknesses  the  .same,  a=h=d/2  ,  and  for  the  model  PbTe 
superlattices  discussed  above  having  four-fold  valley  degeneracy.  The  barrier  layer  reduces  ZTsL 
due  to  the  heat  transport  in  the  layer.  A  similar  dependence  on  barrier  layer  thickness  was  seen  in 
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Figures  1  and  2  for  calculations  in  the  CRT  A.  For  non-zero  barriers  in  PbTe  superlattices  ZTSL 
lies  below  the  bulk  value  for  all  well  thicknesses  shown. 
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ABSTRACT 

The  Si/Sii-xCe,,  quantum  well  system  is  attractive  for  high  temperature  thermoelectric 
applications  and  for  demonstration  of  proof-of-principle  for  enhanced  thermoelectric  figure 
of  merit  Z,  since  the  interfaces  and  carrier  densities  can  be  well  controlled  in  this  system. 
We  report  here  theoretical  calculations  for  Z  in  this  system,  and  results  from  theoretical 
modeling  of  quantum  confinement  effects  in  the  presence  of  ^-doping  within  the  barrier 
layers.  The  ^-doping  layers  are  introduced  by  growing  very  thin  layers  of  wide  band  gap 
materials  within  the  barrier  layers  in  order  to  increase  the  effective  barrier  height  within 
the  barriers  and  thereby  reduce  the  barrier  width  necessary  for  the  quantum  confinement 
of  carriers  within  the  quantum  well.  The  overall  figure  of  merit  is  thereby  enhanced  due  to 
the  reduced  barrier  width  and  hence  reduced  thermal  conductivity,  «.  The  ^-doping  should 
further  reduce  k  in  the  barriers  by  introducing  phonon  scattering  centers  within  the  barrier 
region.  The  temperature  dependence  of  Z  for  Si  quantum  wells  is  also  discussed. 

INTRODUCTION 

Recently,  it  has  been  shown  theoretically  [1]  that  it  may  be  possible  to  increase  the 
thermoelectric  figure  of  merit  (Z)  of  certain  materials  by  preparing  them  in  the  form  of 
two-dimensional  (2D)  quantum-well  structures.  This  has  already  been  demonstrated  exper¬ 
imentally  [2]  using  n-type  PbTe/Pbi_j,Euj,Te  multiple-quantum-well  structures  grown  by 
molecular-beam  epitaxy. 

In  bulk  form,  Sii_;5Gex  is  a  promising  thermoelectric  material  for  high  temperature  ap¬ 
plications  [3,  4,  5],  and  has  been  used  in  radio-isotope  thermoelectric  generators  (RTGs) 
on  satellites  and  spacecraft  for  compositions  of  about  Sip.rGeo.s  operating  at  ~1000K  [6]. 
Because  of  the  large  amount  of  expertise  and  information  available  regarding  the  mate¬ 
rials  science  of  fabricating  Si/Sii-xGe^  quantum  wells,  it  is  an  interesting  system  for  the 
demonstration  of  both  proof-of-principle  and  2D  thermoelectric  device  operation  at  high 
temperatures. 

TWO-DIMENSIONAL  THERMOELECTRICITY  OF  Si 

The  effect  on  Z  of  using  matericds  in  two-dimensional  (2D)  structures,  such  as  2D 
multiple-quantum- well  (MQW)  structures,  has  been  studied  earlier  [1],  and  it  was  shown 
theoretically  that  this  approach  could  yield  a  significant  increase  in  Z  over  the  bulk  value 
as  the  quantum-well  width  is  decreased.  The  proposed  increase  in  the  power  factor  S^cr 
arises  mainly  from  the  enhancement  of  the  density  of  electron  states  per  unit  volume  (near 
the  Fermi  level)  that  occurs  for  small  quantum  weU  widths.  Further  increase  in  Z  is  possi¬ 
ble  through  the  reduction  of  the  thermal  conductivity,  k,  resulting  from  enhanced  phonon 
scattering  at  the  interfaces  between  the  quantum  wells  and  barriers. 
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Figure  1:  The  calculated  Z2dT{C)  versus  layer  thickness  a  at  room  temperature  for  a  Si 
quantum  well.  The  dashed  line  indicates  the  ZT  for  bulk  Si  [7], 


Let  the  quantum  well  be  parallel  to  the  x-y  plane  and  assume  that  the  current  flow  is 
in  the  x  direction.  In  the  Si/Sii-iGe*  quantum  well  structures  we  have  investigated,  the 
samples  are  grown  along  the  [100]  direction  and  the  transport  measurements  are  performed 
along  the  principal  directions  of  each  of  the  six  ellipsoids  in  the  conduction  band.  By 
assuming  that  the  conduction  band  is  parabolic  and  that  the  electrons  occupy  only  the 
lowest  (n  =  1)  sub-band  of  the  quantum  well,  the  figure  of  merit  for  a  two-dimensional 
system  of  Si  can  be  found  as  [1,  7] 


Z2dT  — 


(1) 


where  the  Fermi-Dirac  function  Ft  is  given  by 


Fi 


e (’>-<*)  -1-  r 


(2) 


and  ^*=  CI^bT  is  the  reduced  chemical  potential  relative  to  the  edge  of  the  first  sub-band. 
The  value  of  B2D  in  Eq.  (1)  is  determined  by  the  intrinsic  properties  of  Si  and  the  width  a  of 
the  quantum  well  [7].  For  a  given  vrdue  of  B2D,  the  reduced  chemical  potential  C*  in  Eq.  (1) 
is  optimized  to  yield  the  maximum  value  of  Z2dT  within  the  quantum  well.  In  the  2D  case, 
may  be  varied  both  by  doping  and  by  changing  the  layer  thickness  a.  This  extra  degree 
of  freedom  of  low  dimensional  structures  provides  a  promising  approach  for  increasing  Z2DT 
above  the  characteristic  ZipT  of  the  corresponding  bulk  materials. 

Si  crystallizes  in  the  diamond  structure.  The  conduction  band  is  characterized  by  six 
equivalent  minima  along  the  (lOO)-axes  of  the  BriUouin  zone.  The  surfaces  of  constant 
energy  are  ellipsoids  of  revolution  with  their  major  axes  along  (100).  The  transverse  and 
longitudinal  effective  masses  are  =  0.1905 mp  and  77ij|  =  0.9163  mp.  The  electron  mobil¬ 
ity  at  room  temperature  for  bulk  Si  is  fi„  =  1447  cm^  V~' s“'.  The  bulk  phonon  thermal 
conductivity  is  /Cp/.  =  1.313  W  cm”'  K”'  at  300  K  [8]. 
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Figure  2:  The  5-doping  within  barrier  layers,  using  the  wide  bandgap  material  SiC.  Schematic 
electron  wavefunctions  in  Si/SiGe  superlattices  without  (a)  and  with  (b)  5-doping  SiC  layers, 
where  1  //3  characterizes  the  depth  of  the  wavefunction  penetrating  into  the  barrier. 


In  a  quantum-well  structure,  since  phonons  can  scatter  off  the  interfaces,  the  phonon 
thermal  conductivity  may  be  reduced  relative  to  the  bulk  value  which  is  given  by 

Kph  =  ^C.vl,  (3) 

where  I  is  the  phonon  mean  free  path,  (?„  is  the  lattice  heat  capacity,  and  v  is  the  velocity  of 
sound  in  the  material.  For  Si,  Cp  =  1.658  J  K"‘  cm“®  and  v  =  8.4332x10^  cm/s,  giving  a  value 
of  I  =  282  A.  If  the  layer  thickness  a  is  greater  than  282  A,  then  layering  does  not  seriously 
affect  the  mean  free  path  I,  and  Kph  should  then  be  similar  to  its  bulk  value.  However,  if  a 
is  less  than  282  A,  then  I  and  Kph  are  limited  by  phonon  scattering  off  the  interfaces  and  a 
rough  estimate  for  Kph  is  obtained  by  setting  l  =  a  and  using  Eq.  (3). 

The  calculated  Z2dT{(')  as  a  function  of  a  for  Si  quantum  wells  at  room  temperature 
is  shown  in  Fig.  1,  together  with  a  dashed  line  indicating  the  room  temperature  3D  figure 
of  merit  of  ZsdT  =  0.014.  The  quantum  well  width  a  in  the  calculations  is  less  than  the 
phonon  mean  free  path  I,  and  therefore  Kph  —  ^C„va  is  used  to  estimate  the  phonon  contri¬ 
bution  to  the  thermal  conductivity  for  a<l.  The  results  show  a  significant  increase  in  the 
thermoelectric  figure  of  merit  for  a  quantum  well  width  a  below  100  A. 

QUANTUM  CONFINEMENT  IN  THE  PRESENCE  OF  5-DOPING 

The  quantum  confinement  of  carriers  within  a  quantum  well  is  crucial  to  get  high  mo- 
bihty  carriers  and  to  achieve  two-dimensional  transport.  In  order  to  get  high  thermoelectric 
performance  in  the  Si  quantum  well,  one  has  to  use  a  relatively  large  barrier  width.  This 
reduces  the  overall  thermoelectric  performance  because  of  the  thermal  conductivity  of  the 
barrier  region.  Simply  reducing  the  barrier  width  will  destroy  the  quantum  confinement, 
hence  bringing  the  system  back  to  the  three-dimensional  case. 

Fig.  2  shows  a  strategy  to  improve  quantum  confinement  with  thinner  barrier  layers  by 
employing  5-doping  layers  within  the  barriers  which  form  very  thin  sheets  of  a  wide  band 
gap  semiconductor.  We  have  performed  theoretical  modehng  with  SiC,  which  is  a  wide  band 
gap  semiconductor,  as  the  5-doping  layer.  The  effect  of  5-doping  can  be  taken  into  account 
by  introducing  a  potential,  V{z)  =  VS{z  -  Zo),  into  the  Schrodinger  equation  for  electrons 
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Figure  3:  The  transmission  coefficient  as  a  function  of  barrier  width  for  different  ^-doping 
schemes  in  Si/SiGe  superlattices. 


in  the  framework  of  a  semiclassical  theory  [9],  where  zo  is  the  position  of  the  A-doping  layer 
and  V  is  the  product  of  the  barrier  height  and  the  width  for  the  A-doping  layer.  For  ^-doping 
by  SiC,  we  have  considered  a  ^-doping  layer  with  a  width  of  2A,  so  that  V  =  2.9ey  x  2A. 

The  quantum  confinement  in  the  quantum  well  can  be  characterized  by  the  wavefunction 
leakage  into  the  barrier  layer  which  is  defined  as 


leakage  = 


(4) 


Numerical  calculations  show  that  for  barrier  widths  less  than  200A,  the  wavefunction  leakage 
is  decreased  significantly  in  the  presence  of  the  SiC  A-potential.  The  wavefunction  leakage 
defined  in  Eq.  (4)  is  not  the  only  factor  affecting  the  electronic  states  within  the  superlattice. 
Carrier  tunneling  across  the  barrier  layers  should  also  be  avoided  and  therefore  should  be 
considered,  especially  in  the  case  of  thin  barriers.  The  transmission  coefficient  D  through  a 
barrier  potential  U{z)  can  be  found  generally  as 


where  E  is  the  energy  eigenvalue  of  the  electronic  state,  and  Do,  which  corresponds  to  the 
transmission  coefficient  for  a  freely  propagating  wave,  is  approximately  equal  to  one  for  all 
practical  purposes.  Fig.  3  shows  the  numerical  calculations  for  the  transmission  coefficient 
as  a  function  of  barrier  width  for  several  cases,  including  a  single  A-potential  at  the  mid¬ 
point  of  the  barrier  as  well  as  two  and  three  A-potentials  within  the  barrier  layer.  Since 
the  suppression  of  the  wavefunction  within  the  barrier  layers  is  more  significant  if  we  put 
A-potentials  of  the  same  size  closer  to  the  interface  between  the  quantum  well  and  barrier, 
the  optimum  position  was  found  for  the  placement  of  two  A-potentials  within  the  barrier. 
In  the  case  of  three  ^-potentials,  one  of  the  A-layers  is  placed  at  the  center  of  the  barrier. 
In  Fig.  3  we  observe  that  while  maintaining  the  same  transmission  coefficient,  the  barrier 
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Figure  4:  The  calculated  Z2dT{C)  versus  layer  thickness  a  at  various  temperatures  for 
a  Si  quantum  well.  The  electron  mobility  is  determined  empirically  as  (a)  /i„  =  1.43  x 
109y-2.42cm^/Vs  (T  in  K)  for  intrinsic  Si,  and  (b)  /t„  =  2.11  X  10^T"^cm^/Vs  (T  in  K)  for 
an  n-type  Si  with  carrier  concentration  of  10^®cm 

width  can  be  reduced  significantly  by  introducing  one  or  more  ^-doping  layers  within  the 
barrier  region. 

TEMPERATURE  DEPENDENCE  OF  ZT 

Since  Si/Sii_*Ge»  is  a  system  aimed  at  high  temperature  operation  (up  to  1000  K), 
it  is  interesting  to  investigate  the  thermoelectric  performance  of  Sii-iGe*  quantum  well 
systems  at  elevated  temperatures.  Since  the  power  factor  for  Sii-iGe*  materials  generally 
increases  with  increasing  T  above  room  temperature  (3,  4],  the  power  factor  as  well  as 
the  thermoelectric  figure  of  merit  for  the  quantum  well  are  expected  to  show  even  greater 
enhancement  above  300  K. 

In  calculating  the  figure  of  merit  using  Eq.  (1),  we  found  that  the  value  of  Z^oT  for 
quantum  wells  is  very  sensitive  to  the  carrier  mobility.  This  implies  that  carrier  mobility  is 
one  of  the  most  important  factors  in  determining  thermoelectric  performance.  With  increas¬ 
ing  temperature,  it  is  well  known  that  the  carrier  mobility  for  Si  decreases  exponentially  in 
the  temperature  range  between  300  K  and  1000  K,  which  can  be  written  empirically  as 

^L„  =  ^oT-\  (6) 

where  A  =  2.42  for  intrinsic  electron  carriers.  If  we  use  Eq.  (6)  with  A  =  2.42  to  calculate 
the  temperature  dependent  figure  of  merit  for  Si  quantum  wells,  we  will  find  that  Z2dT 
is  not  favorable  at  high  temperatures  because  of  the  rapid  decrease  of  carrier  mobility, 
as  shown  in  Fig.  4(a).  However,  in  the  case  of  2D  Si  quantum  weUs  for  thermoelectric 
application,  the  optimal  and  feasible  carrier  concentration  is  on  the  order  of  4  X  10^®  cm“®. 
For  such  heavily  doped  n-type  bulk  Si,  the  exponent  A  in  Eq.  (6)  can  be  approximated 
using  existing  experimental  data  [10]  to  obtain  |t„  =  2.11  x  lO^T  ^cm^/Vs  (T  in  K).  This 
weaker  temperature  dependence  has  a  large  effect  on  Z2d'^  a  function  of  quantum  well 
width  at  elevated  temperatures,  as  shown  in  Fig.  4(b).  These  results  suggest  that  Z2dT  for 
Si/Sii_xGe;c  quantum  wells  is  very  favorable  at  higher  temperatures. 
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CONCLUSION 


Theoretical  modeling  of  the  thermoelectric  figure  of  merit  for  Si/Sii_,Gei  quantum  well 
structures  suggests  that  an  increase  in  the  thermoelectric  figure  of  merit  over  bulk  values  in 
the  Si/Sii-xGej.  quantum  well  system  should  be  possible.  In  order  to  enhance  the  overall 
thermoelectric  performance,  it  should  be  possible  to  decrease  the  barrier  width  by  intro¬ 
ducing  one  or  more  ^-doping  layers  in  the  barrier  layers  while  maintaining  the  same  level 
of  carrier  quantum  confinement.  Further  enhancement  in  Z^pT  for  Si/Sii-xGe,  quantum 
well  structures  is  expected  at  elevated  temperatures  through  both  quantum  confinement  and 
phonon  interface  scattering  effects.  Numerical  calculations  suggest  that  Z^dT  is  favorable 
at  elevated  temperatures  in  the  heavy  doping  regime. 
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ABSTRACT 

Recent  experimental  results  on  semiconductors  with  the  skutterudite  crystal  structure  show 
that  these  materials  possess  attractive  transport  properties  and  have  a  good  potential  for 
achieving  ZT  values  substantially  larger  than  for  state-of-the-art  thermoelectric  materials.  Both 
n-type  and  p-type  conductivity  samples  have  been  obtained,  using  several  preparation 
techniques.  Associated  with  a  low  hole  effective  mass,  very  high  carrier  mobilities,  low 
electrical  resistivities  and  moderate  Seebeck  coefficients  are  obtained  in  p-type  skutterudites. 

For  a  comparable  doping  level,  the  carrier  mobilities  of  n-type  samples  are  about  an  order  of 
magnitude  lower  than  the  values  achieved  on  p-type  samples.  However,  the  much  larger  electron 
effective  masses  and  Seebeck  coefficients  mate  n-type  skutterudites  promising  candidates  as 
well.  Unfortunately,  the  thermal  conductivities  of  the  binary  skutterudite  compounds  are  too 
large,  particularly  at  low  temperatures,  to  be  useful  for  thermoelectric  applications. 

Several  approaches  to  the  reduction  of  the  lattice  thermal  conductivity  in  skutterudites  are 
being  pursu^:  heavy  doping,  formation  of  solid  solutions  and  alloys,  study  of  novel  ternary  and 
filled  skutterudite  compounds.  All  those  approaches  have  already  resulted  in  skutterudite 
compositions  with  substantially  lower  thermal  conductivity  values  in  these  materials.  Recently, 
superior  thermoelectric  properties  in  the  moderate  to  high  temperature  range  were  achieved  for 
compositions  combining  alloying  and  “filling”  of  the  skutterudite  structure  Experimental 
results  and  mechanisms  responsible  for  low  thermal  conductivity  in  skutterudites  are  discussed. 

INTRODUCTION 

Thermoelectric  generators  and  cooling  devices  present  several  advantages  compared  to  other 
energy  conversion  technologies:  they  are  reliable,  can  operate  unattended  in  hostile 
environments,  and  are  also  environmentally  friendly.  However,  their  application  has  been 
limited  up  to  now  because  of  the  relatively  low  conversion  efficiency  of  traditional 
thermoelectric  materials  used  in  the  devices.  New  more  efficient  materials  are  needed.  A 
systematic  search  for  advanced  thermoelectric  materials  was  initiated  at  JPL  several  years  ago 
and  resulted  in  the  discovery  of  a  new  family  of  promising  semicondurting  materials  with  the 
skutterudite  crystal  structure  [1]. 

The  unit  cell  of  the  skutterudite  structure  (cubic,  space  group  Im3,  prototype  CoAsj)  contains 
square  radicals  [As^]  '*■.  This  anion,  located  in  the  center  of  the  smaller  cube,  is  surrounded  by  8 
Co^^  cations.  The  unit  cell  was  found  to  consist  of  8  smaller  cubes  (octants)  described  above  but 
two  of  them  do  not  have  the  anions  [As^]  in  the  center.  This  is  necessary  to  keep  the  ratio 
Co^*:[As4]  “■  =  4:3.  Thus,  a  typical  coordination  structure  results  with  Cog[As4]6  =2Co4[As4]3 
composition  and  32  atoms  per  cell,  as  depicted  in  Figure  1 . 
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^  I  Fc,  Ru,  Os,  Co,  Rh.  Ir]  (^|  P,  As,  Sb  | 


Figure  1 :  Skutterudite  crystal  structure  The  unfilled  structure  has  32  atoms:  a  cubic  frame  with 
8  transition  metals.  24  pnicogens  distributed  in  six  square  radicals  and  located  in  six  of  the  eight 
octants,  and  two  empty  octants.  Two  rare  earth  elements  located  in  the  two  remaining  octants 
form  a  completely  filled  structure. 


A  low  lattice  thermal  conductivity  and  a  high  carrier  mobility  are  desirable  for  improved 
figures  of  merit  in  new  thermoelectric  materials.  High  carrier  mobility  values  are  usually  found 
in  crystal  structures  with  a  high  degree  of  covalency.  It  has  been  shown  that  the  bonding  is 
predominantly  covalent  in  the  skutterudite  structure  and  high  hole  mobility  values  have  been 
measured  on  several  skutterudite  compounds:  IrSbj ,  RhSbs,  CoSbj,  C0AS3,  RhAs3  and  RhPj  [2]. 
The  unit  cell  is  relatively  large  and  complex,  indicating  that  low  lattice  thermal  conductivity 
values  might  be  possible. 

For  state-of-the-art  thermoelectric  materials,  the  number  of  isostructural  compounds  is 
limited  and  the  possibilities  to  optimize  their  properties  for  maximum  performance  at  different 
temperatures  of  operation  are  also  very  limited.  This  is  not  the  case  for  the  skutterudite  family  of 
materials,  where  eleven  binary  compounds  and  many  solid  solutions  and  related  phases  are 
knovm  to  exist  [2].  These  materials  cover  a  large  range  of  decomposition  temperatures  and 
bandgaps  which  offers  the  possibility  to  adjust  composition  and  doping  level  for  a  specific 
temperature  range  of  application. 

However,  the  room  temperature  thermal  conductivity  of  binary  skutterudites  (100-150 
mWcm^'K"')  was  found  to  be  too  high  to  result  in  high  ZT  values  Substantial  reductions  in  the 
lattice  thermal  conductivity  must  be  obtained  to  achieve  values  comparable  to  those  of  state  of 
the  art  thermoelectric  materials  (10-40  mWcm''K''). 

Several  approaches  were  recently  considered  to  reduce  the  lattice  thermal  conductivity  of 
these  materials.  Such  reductions  have  been  observed  in  heavily  doped  n-type  binary  compounds, 
solid  solutions,  ternary  compounds,  and  also  filled  skutterudites.  This  paper  presents  recent 
thermal  conductivity  experimental  data  obtained  on  several  skutterudite  materials  and  briefly 
discusses  the  various  phonon  scattering  mechanisms.  It  is  shown  that  low  thermal  conductivity 
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skutteiudites  can  be  obtained  and  high  ZT  values  are  possible,  which  can  lead  to  a  significant 
improvement  in  the  thermal-to-electric  conversion  efficiency  of  thermoelectric  devices. 

LATTICE  THERMAL  CONDUCTIVITY  REDUCTION  IN  SKUTTERUDITES 

The  dimensionless  thermoelectric  figure  of  merit  ZT  is  inversely  proportional  to  the  thermal 
conductivity.  As  a  consequence,  efficient  thermoelectric  materials  have  low  thermal 
conductivity  values  such  as  BijTes-alloys  (15  to  20  mWcm  ’K  ’),  PbTe-alloys  alloys  (10  to  20 
mWcm'‘K  ‘)  and  Si-Ge  alloys  (40  to  50  mWcrn  'K'’).  The  contribution  of  the  crystal  lattice, 
through  heat  conduction  by  phonons,  to  the  total  thermal  conductivity  can  be  reduced  by 
effectively  scattering  the  phonons.  Several  scattering  mechanisms  are  of  interest  to  reduce  the 
lattice  thermal  conductivity  of  skutterudites:  electron-phonon  scattering  in  heavily  doped 
samples,  mass  and  strain  fluctuation  scattering  in  solid  solutions  and  alloys,  electron  charge 
transfer  scattering  in  mixed-valence  ternary  compounds,  and  void  filler  scattering  in  filled 
skutterudite  compounds  [3]. 


Heavily  Doped  CoSb^ 

The  thermal  conductivity  of  heavily  doped  n-type  CoSbj  sample  was  recently  measured  [4]. 
The  thermal  conductivity  data  are  shown  in  Figure  2.  For  lightly  doped  samples,  the  lattice 
thermal  conductivity  at  100°C  is  about  80  mWcm  'K'*  but  for  more  heavily  doped  samples,  the 
value  decreases  to  about  44  mWcrn  'K"’  (lxl0“  cm'*)  and  can  be  as  low  as  32  mWcm'*K'‘ 
(lxl0*‘  cm'*). 


Fioiirp  ?  Lattice  (dotted  lines)  and  total  (plain  lines)  thermal  conductivity  as  a  function  of 
temperature  for  CoSb3  samples  with  various  doping  levels. 

The  total  thermal  conductivity  of  the  most  heavily  doped  sample  is  actually  higher  than  the 
one  doped  at  1x10*“  cm  *  because  of  the  large  electronic  contribution  (proportional  to  the 
electrical  conductivity).  The  temperature  dependence  of  the  lattice  thermal  conductivity 
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becomes  weaker  for  more  heavily  doped  samples,  indicating  that  electron-phonon  scattering  is 
responsible  for  the  large  decrease  in  lattice  thermal  conductivity.  This  is  an  interesting  finding 
because  charge  carrier  phonon  scattering  would  scatter  the  phonons  with  low  frequency  and  if 
coupled  with  point  defect  scattering  could  result  in  very  low  lattice  thermal  conductivity  values. 
The  combination  of  point  defects  and  charge  carrier  scattering  was  utilized  in  Si-Ge  alloys  [5]. 
Because  of  lower  carrier  concentrations,  this  scattering  mechanism  has  not  been  identified  yet  in 
p-type  samples. 

Skutterudite  Solid  Solutions 

All  state-of-the-art  thermoelectric  materials  are  solid  solutions  between  two  or  more 
isostructural  binary  compounds  or  phases.  The  mass  and  strain  fluctuations  brought  by  point 
defects  in  solid  solutions  is  a  well  known  approach  to  reduce  the  lattice  thermal  conductivity. 
However,  point  defects  not  only  scatter  phonons  but  also  scatter  charge  carriers,  resulting  in 
some  decrease  in  carrier  mobility.  Thus,  improvements  in  the  thermoelectric  properties  can  be 
obtained  if  the  ratio  of  the  carrier  mobility  to  the  lattice  thermal  conductivity  is  larger  for  the 
solid  solutions. 


Figure  3:  Thermal  conductivity  as  a  function  of  temperature  for  CoSb3-  and  IrSbj-based  solid 
solutions.  Results  are  compared  to  those  obtained  for  lightly  doped  CoSb3. 

The  existence  of  several  solid  solutions  between  skutterudite  compounds  were  reported  in  the 
literature  [6-9].  More  recent  studies  showed  that  many  more  solid  solutions  can  be  formed  and 
initial  results  demonstrated  that  a  reduction  in  lattice  thermal  conductivity  can  be  obtained  [10]. 
For  example,  a  room  temperature  lattice  thermal  conductivity  of  33  mWcm’'K‘’  was  obtained 
for  a  lightly-doped,  single  phase,  homogeneous  and  fully  dense  p-type  (CoSb3)o,73(IrSb3)o  25 
solid  solution.  This  represents  a  70%  reduction  compared  to  either  one  of  the  end  members  in 
this  system.  The  corresponding  reduction  in  carrier  mobility  was  only  about  46%.  Results 
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obtained  for  a(RhSb3)o.5(IrSb3)o.5  solid  solution  showed  that  its  room  temperature  lattice  thermal 
conductivity  was  decreased  by  about  45%  [8],  The  smaller  reduction  in  this  latter  sample  can  be 
attributed  to  the  fact  that  the  decrease  is  only  due  to  mass  fluctuations  in  this  system  and  that 
there  is  no  strain  fluctuation  (the  atomic  volumes  of  Rh  and  Ir  are  almost  identical).  Some  of  the 
high  temperature  experimental  results  on  several  lightly  doped  solid  solutions  are  shown  in 
Figure  3.  The  results  are  compared  to  the  experimental  data  on  CoSb3  and  demonstrate  the  sharp 
reduction  and  near  temperature-independent  variation  of  the  thermal  conductivity  of  solid 
solutions. 

In  order  to  help  selecting  the  most  promising  solid  solutions  systems,  the  effect  of  mass  and 
strain  fluctuation  scattering  of  phonons  was  calculated  for  skutterudites  using  the  theory 
developed  by  Callaway  and  Von  Baeyer  [11].  The  calculation  requires  computing  an  alloy 
scattering  parameter  T  which  is  a  function  of  the  variations  in  atomic  masses  and  volumes 
introduced  by  the  presence  of  different  atoms  located  on  the  same  sublattice.  For  compositions 
where  volume  fluctuations  are  becoming  important,  an  adjustable  strain  parameter  used  in 
calculating  T  can  be  determined  by  fitting  experimental  data  [10].  The  result  of  the  calculations 
conducted  for  CoSbs-based  solid  solutions  are  shown  in  Figure  4. 


Figure  4:  The  calculated  lattice  thermal  conductivity  of  CoSbs-based  solid  solutions  at  300K  as  a 
function  of  solid  solution  composition.  Experimental  data  are  reported  for  CoSb3-IrSb3  (O), 
CoSb3-FeSb2Se  (■)  and  CoSb3-Feo,5Nio  5Sb3  (♦). 

The  major  findings  of  these  theoretical  calculations  are  that:  a)  skutterudite  solid  solutions 
with  small  mass  and  volume  fluctuations  (such  as  CoSb3-Feo,5Nio  sSbs,  IrSb3-RhSb3  and  IrSb3- 
RuSb2Te)  exhibit  relatively  small  decreases  in  lattice  thermal  conductivity;  b)  solid  solutions 
between  ternary  and  binary  skutterudites  do  not  result  in  lower  thermal  conductivity  values 
compared  to  those  obtained  for  optimum  binary  skutterudite  alloys  and;  c)  the  lowest  thermal 
conductivity  values  are  achieved  for  alloys  maximizing  mass  and  volume  fluctuations,  such  as 
CoSb3-IrP3  with  8  mWcm‘*K'*  for  a  50  mole%  concentration. 

These  calculations  show  that  point  defect  scattering  alone  can  be  a  very  efficient  phonon 
scattering  mechanism  in  some  skutterudite  solid  solutions.  More  work  is  needed  to  determine  the 
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solubility  limit  of  some  of  these  solid  solutions  and  efforts  are  currently  underway  to  prepare 
samples  of  the  most  promising  systems  and  compare  the  experimental  data  with  the  theoretical 
predictions. 

Ternary  Compounds 

Skutterudite  related  phases  can  be  formed  by  substitution  by  neighboring  atoms  for  the  anion 
or  the  cation  in  binary  skutterudite  compounds,  the  condition  being  that  the  valence-electron 
count  remains  constant.  This  is  similar  to  the  diamond-like  family  of  semiconductors.  The 
substitution  can  occur  on  the  anion  site  or  on  the  cation  site.  Structurally  related  skutterudite 
phases  can  also  be  formed  by  partial  substitution  of  the  cation  and  the  anion.  Nine  ternary 
skutterudite  related  phases  have  been  reported  in  literature  [2].  Based  on  x-ray  diffraction 
analyses,  fourteen  new  compositions  were  discovered  at  JPL.  A  number  of  isostructural 
quaternary  and  more  complex  compositions  have  also  been  identified. 


Figure  S:  Thermal  conductivity  as  a  function  of  temperature  for  several  ternary  skutterudite 
compounds.  Results  are  compared  to  those  obtained  for  lightly  doped  CoSbs. 

The  electrical  properties  of  the  ternary  skutterudites  can  vary  substantially  from  the  results 
obtained  on  the  binary  compounds.  P-type  conductivity  samples  were  obtained  for 
Ruo^sPdosSbs,  FeSbjTe  and  RuSbjTe,  with  typical  carrier  concentrations  of  1x10^°  cm  ’,  5xl0“ 
cm" ,  and  8x10  cm"’  respectively.  N-type  conductivity  Feo.sNio  sSbj  samples  were  also 
prepared  but  characterized  by  mixed  conduction  effects  near  room  temperature  These  results 
indicate  that  significant  changes  in  band  structure  and  doping  behavior  were  brought  by  changes 
in  the  atomic  and  electronic  structure.  In  particular,  fluctuations  in  the  valence  of  the  transition 
metal  atoms  could  be  imposed  by  the  need  to  conserve  the  skutterudite  crystal  structure 
Understanding  and  controlling  these  changes  is  a  key  step  in  designing  a  skutterudite 
composition  with  superior  thermoelectric  properties. 

The  experimental  data  on  the  high  temperature  thermal  conductivity  of  five  ternary 
compounds,  FeSb2Te,  RuSbjTe,  OsSb2Te,  Fcq  5Nio  jSbj  and  Ru^  5Pdo  5Sb3  are  plotted  in  Figure  5 
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[3, 12],  The  results  are  compared  to  the  data  on  lightly  doped  CoSb3.  The  lattice  contribution  to 
the  thermal  conductivity  is  greatly  reduced  in  these  materials,  with  room  temperature  values 
ranging  from  15  to  30  mW.cm'’K'’.  The  low  thermal  conductivity  values  of  these  compounds, 
while  very  encouraging,  are  nevertheless  a  bit  surprising  considering  that  the  atomic  mass  and 
volume  differences  introduced  by  the  substituting  anion/cation  are  fairly  small.  This  indicates 
that  additional  mechanisms  must  be  involved. 

A  possible  explanation  for  the  unusually  high  phonon  scattering  rate  could  be  that  transition 
metal  elements  have  mixed  valence  states  and  electrons  are  transferred  between  the  different 
ions,  thus  scattering  the  phonons  in  this  process  [3, 13].  In  a  study  of  the  thermal  conductivity  of 
Fe304,  Slack  [14]  has  shown  that  the  phonon  scattering  caused  by  interaction  of  the  phonons  by 
local  disorder  in  the  magnetic  lattice  was  significant.  The  binary  compound  CoSb3  can  be 
described  by  its  ionic  formula:  Co’^Sb3'‘.  For  example,  when  considering  the  stoichiometric 
Ruo.5Pdo.5Sb3  composition,  it  is  assumed  that  the  valence  state  of  Ru,  Pd,  and  Sb  would  be  Ru^^, 
Pd'*^,  and  Sb’*,  respectively.  Systematic  shifts  from  the  stoichiometric  Ruo.5Pdo.5Sb3  were 
revealed  by  microprobe  analysis  [12].  Results  indicate  that  the  Ru;Pd  atomic  ratio  can  vary 
substantially  from  the  expected  1 ;  1  value  and  that  there  is  a  significant  number  of  vacancies  on 
the  transition  metal  sublattice.  To  compensate  for  the  Pd  deficit  and  excess  Sb  in  the  samples, 
the  Ru  must  adopt  a  mixed  valence  state,  i.e.,  Ru^^  and  Ru'*^.  Such  valence  fluctuations  were 
recently  confirmed  by  x-ray  absorption  near-edge  structure  analysis  [13]. 

In  addition  to  Ruo.5Pdo.5Sb3 ,  other  ternary  skutterudites  such  as  RuSb2Te  also  show 
significant  stoichiometric  deviations.  Experimental  data  for  Feo.5Nio.5Sb3,  Ruo.5Pdo.5Sb3, 
FeSb2Te,  RuSb2Te,  OsSb2Te  and  RuGe*Sb2Tei.„  samples  prepared  at  JPL  are  presented  in 
Table  1.  Based  on  electron  microprobe  analysis,  we  have  recalculated  each  composition  to 
conform  to  the  T^*X3  *  stoichiometry,  adding  vacancies  to  the  metal  sublattice  when  needed. 

The  valence  ratio  v  of  the  mixed  valence  transition  metal  (for  example  [Ru*'"]/[Ru^’"])  was  then 
determined  from  the  ionic  formula.  The  lattice  thermal  conductivity  calculated  from  the 
measured  thermal  conductivity  at  room  temperature  using  the  Wiedmann-Franz  law  is  also 
reported  in  this  table. 


Table  1 :  Valence  Fluctuations  in  Low  Thermal  Conductivity  Ternary  Skutterudites,  where  v  is 
the  valence  ratio  (e  g.  [Ru^^]/[Ru‘'^])  and  X,l  is  the  lattice  thermal  conductivity  in  10’^  W/cmK. 


Compound 

Composition  (at%) 

Ionic  Formula 

V 

p60.5Nio.5Sb3 

Pei2.8Nill.9Sb75.2 

Fe  0.51^  0.49^^  3 

- 

29 

PUl2.3Pdio.6Sb77.i 

o.ZsBu  0.2oPd  0.4lSb  3 

1.4 

15 

FeSb2Te 

Fe25.iSb52.oTe22.9 

Fe  0.91^®  0.09Sb  2.1^6  0.9 

10.4 

23 

RuSb2Te 

RU22.4Sb49.7Te25.3 

Go.ioB-t*  o.7!»Bu  o.iiSb  i.98Te  1.02 

7.2 

28 

OsSb2Te 

OS24.6Sb50.5Te24.9 

[jo.OzOs^  0.98Os^0.02Sb  '2.03TeV97 

32.3 

25 

RuGexSb2Te,.x 

RU24.oGe4  7Sb50.6Te20.7 

[]o.05®^^  0.75^^  0.2^6  o.lsSb  2.0^6  0.82 

3.7 

14 

From  Table  1,  it  can  be  seen  that  Ruo.5Pdo.5Sb3  and  RuGej(Sb2Te,.x  possess  high 
concentrations  of  Ru"*^  (and  vacancies),  resulting  in  v  values  approaching  1,  for  which  the 
scattering  rate  of  phonons  by  the  electron  exchange  mechanism  is  maximized.  Those  two 
compositions  have  the  lowest  lattice  thermal  conductivity  values.  For  FeSb2Te,  RuSb2Te  and 
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OsSbjTe,  the  v  values  are  much  larger  than  1,  but  the  lattice  thermal  conductivities  are  still 
much  lower  than  the  values  obtained  for  CoSb3,  RhSbs  and  IrSb3.  However,  as  is  the  case  in 
some  arsenopyrites  [15],  short-range  disorder  on  the  pnicogen  sublattice  could  also  lead  to 
substantial  valence  fluctuations  for  the  transition  metals  (and  thus  lower  values  of  v)  trying  to 
compensate  for  localized  variations  in  the  Sb:Te  atomic  ratio  of  2.  It  is  also  likely  that  the 
substitution  of  Te  by  Ge  in  RuSb2Te  imposes  a  much  higher  Ru^^  concentration,  which  results 
in  a  50%  decrease  in  lattice  thermal  conductivity.  As  to  Fco  jNio  5Sb3 ,  it  is  likely  that  Fe  and  Ni 
are  of  valence  2+  and  4+  respectively  since  the  valence  of  Fe  in  the  corresponding  arsenopyrite, 
Feo.sNifl  5Sb2,  was  determined  as  close  to  2+  [15],  However  the  presence  of  some  small  amount 
of  Fe^^  and  Ni’^  could  also  result  in  strong  electron  exchange  scattering  of  the  phonons  and 
explain  the  low  lattice  thermal  conductivity. 

Although  ternary  compounds  have  rather  low  thermal  conductivity  values,  it  is  difficult  to 
control  their  electrical  properties.  When  doping  ternary  skutterudites,  and  supposing  that  the 
electron  exchange  mechanism  is  indeed  present,  changes  in  carrier  concentration  are  not  easy  to 
achieve  because  dopants  can  be  compensated  by  small  fluctuations  in  the  overall  valence  of  the 
transition  metals. 

Filled  Skutterudites 

Finally,  the  last  approach  which  is  now  under  consideration  for  reducing  the  lattice  thermal 
conductivity  of  skutterudite  materials  is  to  fill  the  voids  present  in  the  skutterudite  structure  with 
rare  earth  elements  (see  Figure  1).  Slack  first  suggested  that  the  “rattling”  of  the  rare  earth 
element  would  produce  a  significant  phonon  scattering  and  reduce  the  thermal  conductivity,  but 
with  minimal  decrease  in  carrier  mobility  [16].  A  large  number  of  materials  with  a  filled 
skutterudite  crystal  structure  has  already  been  synthesized  [17].  The  composition  of  these  types 
of  compounds  can  be  represented  by  the  formula  LnT4Pn|2  (Ln  =  La,  Ce,  Pr,  Nd,  Sm,  Eu,  Gd, 
Th  and  U;  T  =  Fe,  Ru,  Os;  Pn  =  P,  As,  Sb).  In  these  compounds,  the  empty  octants  of  the 
skutterudite  structure  which  are  formed  in  the  T4Pn]2  framework  are  filled  with  a  rare  earth 
element.  Because  the  T4Pni2  groups  using  Fe,  Ru  or  Os  are  electron-deficient  (by  4  e')  relative 
to  the  skutterudite  electronic  structure  (using  Co,  Rh  or  Ir),  the  introduction  of  the  rare  earth 
atom  compensates  this  deficiency  by  adding  free  electrons  However,  the  number  of  valence 
electrons  given  up  by  the  rare  earth  atoms  is  generally  insufficient;  for  example.  La  has  a  3+ 
oxidation  state,  Ce  can  be  3+  or  4+.  This  means  that  most  of  these  compounds  behave  as  metals, 
or  very  heavily  doped  p-type  semimetals. 

To  conserve  the  excellent  semiconducting  behavior  of  the  unfilled  binary  skutterudites,  it  is 
necessary  to  introduce  a  “compensating”  atom  for  the  addition  of  the  “filling”  atom  into  the 
structure.  The  ratio  of  compensating  atoms  to  filling  atoms  is  determined  exclusively  from  the 
number  of  valence  electrons  of  the  filling  atom.  Thus,  if  Ce  (the  most  stable  valence  number  is 
3)  is  introduced  into  the  two  empty  octants  of  the  32  atoms  CoSb3  unit  cell,  6  atoms  of  Fe  (each 
providing  one  acceptor  per  atom)  will  have  to  be  substituted  for  Co:  CoSb3  (or  CogSb24)  will 
secome  Ce2Fe6Co2Sb24  (or  CeFe3CoSb|2).  This  composition  is  very  close  to  the  compound 
CeFe4Sbi2  whose  existence  was  previously  reported.  The  same  approach  can  be  applied  with 
3ther  atoms.  Moreover,  the  doping  level  and  conductivity  type  might  be  controlled  by  changing 
he  compensating  to  filling  atomic  ratio.  Also,  the  introduction  of  compensating  atoms  can 
jring  a  substantial  increase  in  phonon  scattering  (mass  and  volume  differences)  and  carrier 
scattering  (ionized  impurity,  disorder)  rates.  Experimental  evidence  of  this  enhanced  phonon 
icattering  has  since  been  published  in  the  literature  [18-23].  It  also  has  been  demonstrated  that 
”e  is  nearly  trivalent  at  temperatures  higher  than  lOOK  [23]. 
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This  approach  seems  to  be  particularly  promising  in  light  of  recent  results  obtained  on  p-type 
CeFe4.xCOxSbi2  materials  [21-23].  The  high  temperature  thermal  conductivity  data  of  some  of 
these  compositions  are  shown  in  Figure  6.  The  thermal  conductivity  of  those  materials  is  much 
lower  than  for  CoSbs.  The  CeFe4Sbi2  sample  has  a  room  temperature  thermal  conductivity  of 
about  24  xlO'^Wcm''K'*  at  room  temperature  and  increasing  up  to  27  xlO'’Wcm''K''  at  575°C. 
Based  on  the  low  electrical  resistivity  value  (0.5xI0'*f2cm),  the  lattice  contribution  to  the 
thermal  conductivity  was  estimated  at  12  xlO'^Wcm  "'K''  .  This  demonstrates  that  the 
combination  of  the  “rattling”  atom  and  very  high  carrier  concentration  (5x10^*  cm'^)  very 
effectively  scatter  the  phonons,  and  results  in  an  extremely  low  lattice  thermal  conductivity. 
However,  it  is  difficult  to  quantify  the  two  scattering  mechanisms,  void-filling  and  electron- 
phonon.  Experiments  on  a  series  of  CeFe4.xCOjSbi2  samples  have  shown  that  the  amount  of  Ce 
filling  decreases  with  increasing  substitution  of  Fe  by  Co.  Despite  this  reduction,  a  decrease  in 
carrier  concentration  and  increase  in  electrical  resistivity  and  Seebeck  coefficient  was  observed 
with  increasing  Co  content,  indicative  of  a  more  semiconducting  behavior  [23]. 


Figure  6:  Thermal  conductivity  as  a  function  of  temperature  for  several  CoSb3-based  filled 
skutterudite  compositions.  Results  are  compared  to  those  obtained  for  lightly  doped  CoSbs. 

We  can  rewrite  those  compositions  with  the  following  formula,  Cef  e4.xCOxSbj2,  where  f 
represent  the  fraction  of  Ce  filling  (f =1  represents  complete  filling).  In  addition  to  Co, 
substitution  of  Fe  by  Ni  and  Ru  has  also  been  investigated  recently.  The  variations  of  the  filling 
fraction  f  as  a  fimction  of  x  have  been  plotted  in  Figure  7  for  the  three  different  ranges  of 
compositions.  When  Fe  is  totally  replaced  by  Co,  only  a  very  small  amount  of  Ce  remains  in  the 
sample  (f  =  0.065)  while  completely  filled  CeRu4Sb|2  can  be  prepared  (f=l).  This  is  attributed 
to  the  fact  that  Ru  and  Fe  are  isoelectronic.  The  dotted  line  was  calculated  based  on  a  CeFe4Sbi2 
-Ceo.o65Co4Sbi2  range  of  “solid  solution”  compositions.  CefFe4.xNixSbi2  compositions  with  x  > 
1.5  have  not  yet  been  synthesized,  but  it  is  clear  that  at  equivalent  concentrations,  Ni  substitution 
results  in  less  Ce  filling  than  Co  substitution.  However,  because  Ni  donates  two  electrons 
instead  of  only  one  for  Co  when  replacing  Fe,  the  decrease  in  carrier  concentration  and 
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corresponding  change  in  properties  with  increasing  x  is  much  stronger  for  Ce,f  e4_xNi,Sb,2.  A 
more  detailed  study  of  the  transport  properties  of  these  samples  will  be  given  elsewhere 


Figure  7:  Ce  filling  fraction  (f)  for  CefFe4.xM,Sbi2  samples  as  a  function  of  Fe  substitution  by  M 
(x)  with  M  =  Co,  Ni  and  Ru.  No  decrease  in  Ce  filling  is  observed  for  CefFe4.xRuxSbi2  samples. 
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Figure  8:  Room  temperature  lattice  thermal  conductivity  as  a  function  of  the  Ce  filling  fraction 
(f)  for  Ce(Fe4.xMxSbi2  compositions  with  M  =  Co,  Ni  or  Ru.  Results  for  lightly  doped  p-type 
and  heavily  doped  n-type  CoSbs  samples  are  also  reported  at  f  =  0. 

The  lattice  thermal  conductivity  of  CefFe4.xMxSb,2  samples,  where  M  ==  Co,  Ni  or  Ru,  was 
calculated  from  the  total  thermal  conductivity  using  the  Wiedman-Franz  law.  Calculations  show 
that  the  lattice  thermal  conductivity  increases  slowly  with  increasing  Co  or  Ni  content,  but  is  left 
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unchanged  for  Ru  substitution,  even  for  x  =  0.9.  The  room  temperature  values  of  X.l  is  plotted  as 
a  function  of  the  Ce  filling  fraction  f  in  Figure  8.  The  weak  dependence  of  XJf)  for  samples  of 
Ce^e4.xCOxSbi2  suggests  that  void  filling  phonon  scattering  could  be  effective  even  at  low 
values  of  f.  It  also  appeare  that  because  of  the  very  high  carrier  concentrations,  electron-phonon 
scattering  accounts  for  most  of  the  variations  in  Indeed,  a  typical  carrier  concentration  value 

of  5x10^’ cm‘^  is  obtained  for  CeFe4Sbi2  at  300K,  while  a  carrier  concentration  of  4x10^®  cm’^ 
was  measured  for  both  Ceo.5iFe2,iCoi.9Sbi2  and  Ceo,75Fe3  ,Nio.9Sbi2  compositions.  The  Co-based 
sample  has  5 1%  of  its  voids  filled  with  Ce  while  the  Ni-based  sample  has  75%  of  filled  voids, 
but  their  lattice  thermal  conductivity  is  nearly  identical,  16  to  17xlO‘^Wcm''K'',  to  be  compared 
with  a  value  of  12xlO'^Wcm'‘K‘‘  for  CeFe4Sbi2. 

Another  interesting  result  is  the  fact  that  no  decrease  in  lattice  thermal  conductivity  was 
observed  when  Ru  was  substituted  for  Fe.  It  seems  that  the  point  defects  generated  by  a  Ru 
atom  on  the  Fe  site  do  not  contribute  any  further  to  the  overall  scattering  rate,  possibly  because 
void  fillers  (Ce)  already  scatter  phonons  in  a  wide  frequency  domain. 

The  combination  of  the  low  electrical  resistivity,  moderate  Seebeck  coefficient  and  low 
thermal  conductivity  resulted  in  high  ZT  values  at  temperatures  above  400‘’C.  A  maximum  ZT 
value  of  1.4  has  been  achieved  to  date  at  a  temperature  of  600°C  [21],  If  current  data  is 
extrapolated  to  higher  temperatures,  it  appears  that  even  higher  ZT  would  be  obtained,  provided 
that  those  materials  were  determined  to  remain  stable.  High  ZT  values  at  lower  temperatures,  as 
well  as  n-type  conductivity  samples  might  be  obtained  by  controlling  the  composition  and 
doping  levels  to  increase  the  Seebeck  coefficient  and  achieve  a  more  semiconducting  behavior. 
For  example,  this  might  be  achieved  by  increasing  the  Co  (or  Ni)  to  Fe  atomic  ratio,  or 
combining  substitutions  of  both  Fe  and  Sb,  or  filling  the  voids  with  a  tetravalent  atom. 

CONCLUSION 

The  properties  of  binary  skutterudite  compounds  are  very  attractive  for  thermoelectric 
applications.  However,  their  lattice  thermal  conductivity  values  are  too  high,  in  particular  at  low 
temperatures.  Several  approaches  to  significantly  reduce  the  thermal  conductivity  of 
skutterudites  have  been  identified;  heavy  doping,  solid  solution  formation,  valence  fluctuations, 
and  void  filling.  Ultimately,  a  combination  of  these  approaches  should  be  employed  to  reach  a 
lattice  thermal  conductivity  close  to  the  theoretical  minimum.  Recent  results  have  shown  that 
high  ZT  values  substantially  larger  than  1.0  can  be  achieved  for  some  skutterudite  solid  solutions 
and  filled  compositions.  Efforts  are  currently  underway  to  pursue  these  various  approaches,  both 
experimentally  and  theoretically,  and  demonstrate  that  they  can  lead  to  a  significant 
improvement  in  the  thermal-to-electric  conversion  efficiency  of  thermoelectric  devices. 
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ABSTRACT 

The  thermoelectric  properties  of  La-filled  skutterudites  and  p-Zn4Sb3  are  discussed  from 
the  point  of  view  of  their  electronic  structures.  These  are  calculated  from  first  principles  within 
the  local  density  approximation.  The  electronic  structures  are  in  turn  used  determine  transport 
related  quantities.  P-Zn4Sb3  is  found  to  be  metallic  with  a  complex  Fermi  surface  topology,  which 
yields  a  non-trivial  dependence  of  the  Hall  concentration  on  the  band  filling.  Calculations  of  the 
variation  with  band  filling  are  used  to  extract  the  carrier  concentration  from  the  experimental  Hall 
number.  At  this  band  filling,  which  corresponds  to  0.1  electrons  per  22  atom  unit  cell,  we 
calculate  a  Seebeck  coefficient  and  temperature  dependence  in  good  agreement  with  die 
experimental  value.  The  high  Seebeck  coefficients  in  a  metallic  material  are  remarkable,  and  arise 
because  of  the  strong  energy  dependence  of  the  Fermiology  near  the  experimental  band  filling. 
Virtual  crystal  calculations  for  La(Fe,Co)4Sb,2  show  that  the  system  obeys  almost  perfect  rigid 
band  behavior  with  varying  Co  concentration,  and  has  a  substantial  band  gap  at  a  position 
corresponding  to  the  composition  LaFe3CoSb|2.  The  valence  band  maximum  occurs  at  the  F  point 
and  is  due  to  a  singly  degenerate  dispersive  (Fe,Co)-Sb  band,  which  by  itself  would  not  be 
favorable  for  TF.  However,  very  flat  transition  metal  derived  bands  occur  in  close  proximity  and 
become  active  as  the  doping  level  is  increased,  giving  a  non-trivial  dependence  of  the  properties 
on  carrier  concentration  and  explaining  the  favorable  TF  properties. 

INTRODUCTION 

There  has  been  a  recent  revival  of  activity  in  the  search  for  improved  thermoelectric  (TF) 
materials,  with  an  emphasis  on  novel  materials  concepts  [1].  The  utility  of  a  material  for  TF 
applications  is  measured  by  its  dimensionless  figure  of  merit,  ZT  =  ctS^/k,  where  T  is 
temperature,  0  is  the  electrical  conductivity,  S  is  the  Seebeck  coefficient  and  k  is  the  thermal 
conductivity,  which  contains  both  electronic  and  lattice  contributions,  and  Kj,  respectively. 

Good  TF  materials  should  have  high  Seebeck  coefficients  combined  with  low  thermal 
conductivity  and  reasonable  electronic  conductivity.  Since  the  same  electrons  contribute  to  0  and 
Kj,  the  ratio  0T/k  cannot  in  general  be  increased  arbitrarily,  and  has  a  maximum  near  that  given 
the  Wiedemann-Franz  "law".  This  maximum  is  achieved  when  the  lattice  thermal  conductivity 
is  small  compared  to  the  electronic  component.  If  Wiedemann-Franz  holds,  S  =  160  pV/K  is 
required  for  the  state-of-the-art  value  ZT  =  1.  Much  TF  research  over  the  past  40  years  has 
focussed  on  covalent  semiconducting  compounds  and  alloys,  composed  of  4th  and  5th  row 
elements,  with  a  view  to  finding  low  thermal  conductivity  materials  that  have  reasonable  earner 
mobilities  and  high  band  masses.  Most  current  generation  TF  materials  are  of  this  type,  e.g. 
Bi2Te3,  Si-Ge,  PbTe.  Despite  research  efforts  spanning  three  decades,  little  progress  in  increasing 
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ZT  has  been  achieved,  and  in  particular  BijTcj/SbjTej  has  remained  the  material  of  choice  for 
room  temperature  applications. 

Recently,  three  new  materials  with  ZT  >  1  have  been  reported  [2-4],  and  the.se  do  not 
clearly  fall  in  the  same  cla.ss  as  previous  TE  materials.  P-Zn4Sb,.  with  reported  ZT  =  1.3  at 
temperatures  relevant  to  wa.ste  heat  recovery,  has  a  large  region  of  linear  temperature  dependence 
of  the  re.sistivity,  suggestive  of  a  metallic  rather  than  .semiconducting  material,  but  unlike  normal 
metals  this  is  accompanied  by  high  thermopowers.  CeFejSb.j  both  by  it.self  and  doped  with  Co 
shows  high  values  of  ZT  combined  very  low  thermal  conductivities,  and  depending  on  the 
composition  can  show  either  metallic-like  or  .semiconducting  temperature  dependencies  of  the 
resi.stivity.  At  low  temperature  CeFcjSbij  di.splays  properties  reminiscent  of  heavy  Fermion 
materials  [5].  Band  structure  calculations  [6]  for  CeFcjX.j.  X=P,A.s.Sb  show  that  the  Ce  f-states 
contribute  significantly  to  the  electronic  structure  near  the  Fermi  energy,  leading  the  enhanced 
band  mas.ses,  favorable  for  TE,  and  producing  band  gaps  via  hybridization  with  the  valence 
states.  This  would  imply  a  rather  different  electronic  .structure  for  LaFe^Sbu.  However. 
La(Fe,Co)4.Sb,2  does  have  ZT  =>  1  for  appropriate  conditions,  although  ZT  for  pure  LaFe4Sb,j  is 
apparently  lower  than  for  pure  CeFcjSbu.  Here  we  report  first  principles  calculations,  within  the 
local  density  approximation  (EDA),  similar  to  our  previous  calculations  for  binary  and  Ce-filled 
skutterudites  [6-8].  These  are  aimed  at  understanding  the  transport  properties  of  P-Zn4Sb,  and 
La(Fe,Co)4Sb,2. 

METHOD 

The  self-consistent  EDA  calculations  pre.sented  here  were  performed  using  the  general 
potential  linearized  augmented  planewave  (EAPW)  method  [9].  This  method  makes  no  shape 
approximations  to  either  the  potential  or  charge  density  and  uses  flexible  basis  .sets  in  all  regions 
of  space.  As  such  it  is  well  suited  to  materials  with  open  crystal  structures  and  low  .site 
symmetries  like  tho.se  treated  here.  Well  converged  basis  .sets  were  u.sed.  The  contained 
approximately  2100  functions  for  p-Zn4Sb,  and  coincidentally  the  same  number  for 
Ea(Fe,Co)4Sb|2,  which  has  fewer  atoms  in  the  unit  cell,  but  some  .shorter  bond  lengths  requiring 
the  u.se  of  smaller  EAPW  spheres  (2.45  vs.  2. .50  a.u.).  Eocal  orbital  extensions  to  the  basis  .set 
were  used  to  relax  linearization  errors  generally  and  to  include  the  upper  core  .states  of  Ea 
consistently  with  the  valence  states. 

The  calculations  were  ba.sed  on  the  experimental  crystal  structures  of  EaFcjSbij  and  P- 
Zn4Sb3,  except  a  stoichiometric  structure  was  u.sed  for  P-Zn4Sb3  was  used  in  which  the  mixed  Sb 
site,  which  is  reported  to  have  approximately  10%  Zn  and  90%  Sb  in  the  actual  material,  was 
taken  as  a  pure  Sb  site,  yielding  a  formula  Zn^.Sb,  with  22  atoms  per  rhombohedral  unit  cell.  This 
was  then  corrected  in  a  rigid  band  way  by  adjusting  the  Fermi  level  upwards,  as  di.scu.ssed  below. 
The  electronic  structures  of  Ea(Fe.Co)4Sb|2  alloys  were  calculated  as  for  EaFe4Sb,2  using  the 
virtual  cry.stal  method,  i.e.  self-con.sistent  EAPW  calculations  were  performed  using  average  ions 
with  fractional  charges  intermediate  behveen  Fe  and  Co.  This  approximation  includes  the  average 
ionic  charge  and  band  filling,  but  is  known  to  distort  the  electronic  structure  for  alloys  when  the 
scattering  properties  of  the  ions  being  alloyed  differ  substantially.  Calculations  were  performed 
for  0%,  25%  and  50%  Co  substitution. 

Tran.sport  properties  relevant  to  TE  were  determined  from  the  calculated  band  .structures 
using  standard  kinetic  theory  as  given  by  Ziman  and  others  [10,11].  For  the  electrical 
conductivity,  the  Bloch-Boltzmann  kinetic  equation  in  lowe.st  order  is  (.similarly  for  the  other 
Cartesian  directions) 
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(1) 


ct/T)  =  e  ^ Jrfe  N(,E)v^mie,D  (-^) 


Here  N(e)  is  the  density  of  electronic  states  at  the  energy  e  per  unit  volume,  X  is  the  scattering 
rate  for  electrons,  and  the  quantity  v^(e)  is  defined  by: 


NiE)v^iE)=  (2jt)-' 


(2) 


N{e)=  (2jt)-'  (3) 

Here  the  integrations  are  over  the  iso-energy  surface  defined  by  E=e.  For  E=Ef,  the  Fermi  energy, 
the  integral  is  over  the  Fermi  surface  and  v^  is  the  Fermi  velocity.  In  this  case  the  quantity  is  the 
square  of  the  plasma  frequency  cOp^  =  47ce^N(Ep)Vj(Ep),  which  is  proportional  to  the  optical  carrier 
concentration  (n/m),„  =  N(Ej)vJ(Ep).  We  note  that  unless  the  bands  are  parabolic  this  quantity  is 
not  simply  related  to  the  Hall  concentration  or  the  electron  count  (i.e.  doping  level).  In  fact,  even 
these  later  two  quantities  are  also  not  simply  related  in  general  since  the  Hall  concentration  is 
determined  by  the  average  curvature  of  the  Fermi  surface  while  the  doping  level  is  given  by  the 
volume  enclosed  by  the  Fermi  surface. 

For  isotropic  scattering,  which  is  often  a  reasonable  approximation,  the  relaxation  time 
does  not  enter  the  expression  for  the  Hall  concentration,  which  is  [11,12]: 

n„= 

with 

a„=-^  Jc/e/VlelKel-LFKm  -‘)-m  -‘]-v(e)'t"(e,7)(-i^)  (5) 


where  for  simplicity  we  have  given  the  expression  for  cubic  symmetry.  Here  m  is  the  k- 
dependent  effective  mass  tensor,  defined  as 


m, 


op 


dL 


dkdk„ 


(6) 


Provided  that  the  Fermiology  does  not  vary  strongly  on  the  scale  of  kT,  the  derivatives 
of  the  Fermi  distribution  in  the  above  expressions  may  be  replaced  by  the  T=0  limit,  which  is 
the  delta  function,  thereby  suppressing  the  energy  integrals.  This  simplification  was  employed 
in  the  calculations  of  the  Hall  concentrations  in  this  paper.  This  approximation  is,  however, 
inadequate  for  the  Seebeck  coefficient,  S,  since,  unlike  the  Hall  concentration,  we  wish  to  obtain 
is  value  up  to  fairly  high  temperatures  in  order  to  compare  with  experimental  values  and  T 
dependencies. 

The  usual  kinetic  theory  expression  for  S  is: 
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where  we  have  introduced  the  usual  notation,  o(e)  =  N(e)v^(e)T(e,T);  as  mentioned,  the  actual 
conductivity  is  ct(E],).  In  the  lowe.st  order  in  T,  the  above  expression  becomes  proportional  to  the 
logarithmic  energy  derivative  of  the  conductivity  evaluated  at  E,,. 


S{T)= 


n^k  liG  I 


(8) 


This  equation  implies  a  linear  relation  between  S  and  T,  which  is  the  low  temperature  form  of 
S(T).  However,  in  general,  da/de  varies  with  energy  much  more  strongly  than  CT(e),  ,so  that  this 
lowest  order  in  T  approximation  for  S(T)  breaks  down  at  lower  T  than  the  corresponding 
expressions  for  o  and  0||.  In  order  to  cornpare  with  the  experimental  temperature  dependence, 
the  results  in  this  paper  were  calculated  using  the  full  eqn.  7,  yielding  deviation  of  S(T)  from 
linear  behavior  as  T  is  increa.sed. 

The  formula  for  o(e)  contains  two  energy  dependent  factors:  an  energy  dependent  square 
plasma  frequency  Nv^  and  the  relaxation  time  T.  Ordinarily,  the  first  term  is  the  most  energy 
dependent,  but  there  are  exceptions  [13],  e.g.  Pd  metal  where  Ej,  occurs  near  a  very  sharp  feature 
in  N(e)  and  Kondo  systems  where  there  is  re.sonant  .scattering  [11],  Since  neither  La(Fe,Co)4Sb,2 
or  p-Zn4Sb3  .show  indications  of  .such  behavior,  we  have  approximated  the  energy  dependence 
of  CT  using  only  the  Nv^  term. 

LaFe4Sb|2 

Skutterudites  and  modifications  to  the.se  compounds  have  been  regarded  as  promising 
potential  TE  mateiials  for  the  last  few  years  ba.sed  on  experimental  measurements  of  the  transport 
properties  of  binary  skutterudites,  particularly  IrSb,  and  CoSb,  and  general  considerations.  For 
example,  Slack  and  Tsoukala  found  reasonably  high  Seebeck  coefficients  (nearly  linear  in  T  over 
the  measured  range  with  S=72  pV/K  at  300K)  combined  with  very  high  hole  mobilities  in  a 
sample  with  a  doping  level  of  1.1x10”  cm  ’.  This  high  mobility  is  consistent  with  the  highly 
covalent  electronic  structure  implied  by  chemistry  of  Ir  and  Sb.  the  crystal  structure,  which  is 
dominated  by  near  tetrahedral  coordination  of  Sb  including  both  Sb-Sb  and  Co-Sb  bonds  and  first 
principles  calculations  [7],  Unfortunately,  mea.surcd  values  of  K  for  the  binary  skutterudites 
proved  to  be  much  higher  than  e.stimates  of  the  minimum  thermal  conductivity  for  this  crystal 
structure  [14,15],  Within  the  Slack’s  cla.ssification.  the  binary  Skutterudites  are  good  electron 
crystals  with  high  power  factors,  but  they  are  not  clo.se  enough  to  being  phonon  glasses  to  make 
good  TE  materials. 

The  strategy  sugge.sted  by  the.se  con.siderations  is  to  .seek  modifications  of  the  binary 
skutterudites  that  have  lower  lattice  k  with  minimal  modification  to  the  electronic  properties. 
Among  the  modifications  tried  were  alloying  on  the  transition  metal  and/or  pnictogen  sites 
[16,17]  and  filling  of  the  large  voids  in  the  skutterudite  structure  with  heavy  atoms  [3-5]  that 
might  have  soft  anharmonic  Ein.stein  like  phonon  modes  and  thereby  reduce  the  thermal 
conductivity.  Both  of  the.se  are  succe.ssful  in  that  they  result  in  considerably  reduced  values  of 
K,  and  as  mentioned  in  Ce(Fe,Co)4Sb,2  and  La(Fe,Co)4Sb,2  high  values  of  ZT  have  been  achieved. 
This  may  be  rationalized  by  electron  counting,  although  as  will  be  shown  below  tbe  resulting 
picture  is  misleading.  In  any  ca.se,  the  argument  is  as  follows:  CoSb,  is  a  .semiconductor  with  a 
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high  power  factor  hut  poor  thermal  properties.  LaFe4Sb,2  and  CeFe4Sbi2  are  known  metallic 
compounds  with  considerably  lower  thermal  conductivities,  presumably  due  to  the  "rattling  ion" 
model  of  Slack.  In  the  highly  covalent  band  structures  of  these  materials,  each  Fe  atom  should 
contribute  one  less  electron  than  a  Co  atom  in  the  CoSbj,  while  the  additional  trivalent  La  should 
contribute  three  electrons,  resulting  in  a  net  deficiency  of  one  electron  per  formula  unit. 
Accordingly,  the  composition  LaFejCoSbu  may  be  electronically  similar  to  CoSbj  providing  the 
desired  combination  of  high  power  factor  and  k.  There  is  strong  evidence  that  Ce  is  trivalent  in 
these  compounds,  leading  to  a  similar  argument,  although  there  are  complications  due  to  heavy 
fermion/valence  fluctuation  effects  at  low  temperature.  In  fact,  as  synthesized  La(Fe,Co)4Sbi2 
forms  La  deficient  so  that  the  actual  Co  concentration  needed  to  obtain  compensation  is  higher 
than  25%. 

One  complication  is  that  first  principles  calculations  for  CoSbj  [7],  show  a  small  band  gap 
with  a  highly  non-parabolic,  quasi-linear  valence  band  dispersion.  This  result,  which  now  has 
experimental  support  [18-20],  combined  with  the  kinetic  transport  theory  above,  implies  that  in 
p-type  CoSbj  the  doping  level,  n,  dependence  of  S  and  o  will  differ  from  that  of  a  semiconductor 
with  parabolic  bands.  In  particular,  in  the  constant  scattering  time,  degenerate  regime,  S  “=  n 
and  CT  “  n^  instead  of  the  usual  S  n'^  and  cr  n.  This  means  that  the  power  factor,  crS^  will 
be  less  dependent  on  doping  level  than  in  a  conventional  case  and  that  it  will  be  more  difficult 
to  optimize  ZT  by  adjusting  n  (but  note  that  K  has  an  electronic  component  proportional  to  o). 

From  at  TE  point  of  view  it  would  perhaps  be  preferable  if  the  band  structure  of 
La(Fe,Co)4Sbi2  were  different  from  CoSb,  since  this  would  allow  more  efficient  optimization. 
This  in  fact  is  the 


case.  The  calculated 
band  structure  of 
LaFe4Sbi2  is  shown 
in  Fig.  1.  This  band 
structure  shows  an 
indirect  F-N  gap  of 
0.60  eV  at  a 
position  above  Ep 
corresponding  to  a 
band  filling  of  one 
more  electron.  This 
is  qualitatively 
different  from  the 
band  structure  of 
CoSb,.  The  direct 
gap  at  r  is  0.76  eV. 
Both  the  conduction 
and  valence  band 


edges  are  formed 

from  parabolic  Figure  1  Calculated  band  structure  of  bcc  LaFe4Sbi2.  The  Fermi  energy 
bands  with  is  denoted  by  the  dotted  horizontal  line  at  0  eV. 


hybridized  Fe/Co- 

Sb  character.  In  addition  there  are  some  rather  flat  (heavy  mass)  primarily  Fe/Co  d  derived  bands 


near  but  not  at  the  band  edge  both  above  and  below  the  gap. 

The  projected  electronic  density  of  states  (DOS)  corresponding  to  this  band  structure  is 
shown  in  Fig.  2.  Although  the  DOS  is  highly  covalent,  it  is  less  so  than  IrSb,  and  is  closer  in 
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shape  to  CoSbj.  In 
particular,  the  Co  d 
contribution  is  peaked 
in  the  region  from  -1 
eV  to  0  eV  relative  to 
Ep  and  is  concentrated 
in  the  energy  region 
around  the  gap.  In 
contrast  in  IrSb,  the  Ir  d 
contribution  is  spread 
more  uniformly  over  the 
valence  band  region 
from  -6  eV  to  well 
above  E,,.  The  peaked 
structure  of  the  DOS  in 
LaFe4Sb,2  corresponds 
to  the  flat  Fe/Co-d 
derived  bands  seen  in 
Fig.  1  and  results  in  the 
fact  that  Ep  lies  on  the 
edge  of  a  very  sharp 
decrease  in  the  DOS.  This  leads  to  an  expectation  that  high  values  of  S  may  occur  in  the 
La(Fe,Co)4Sb|2  system,  as  ob.served  and  quantitatively  determined  below.  However,  before 
proceeding  to  calculate  the  transport  properties  for  La(Fe.Co)4Sb|2  it  is  necessary  to  determine 
to  what  extent  its  band  structure  is  similar  to  that  of  LaFe4Sb|2.  In  order  to  address  this  issue  we 
have  performed  virtual  crystal  approximation  calculations  for  this  material  with  25%  and  50% 
replacement  of  Fe  by  Co. 

In  the  calculations  we  have  held  the  structure  fixed  at  the  LaFe4Sb,2  structure  and  have 
kept  the  La  concentration  stoichiometric.  The  calculations  .show  good  rigid  band  behavior.  This 
is  illustrated  in  Figs.  3,  which  shows  the  total  DOS  for  the  three  different  Co  concentrations  and 
Fig.  4  which  is  the  band  structure  near  E,.  for  the  semiconducting  25%  Co  composition.  The  main 
variation  near  the  gap  as  the  Co  concentration  is  increa.sed  is  due  to  a  small  upward  shift  of  the 
lighter  ma.ss  band  forming  the  valence  band  edge  at  F,  relative  to  the  Fe/Co  d  derived  flat  bands. 
This  leads  to  a  gradual  narrowing  of  the  band  gap  with  increasing  Co  concentration. 

Given  rigid  band  behavior  calculation  of  the  transport  properties  as  a  function  of  doping 
level  amounts  to  calculating  the  properties  with  fixed  band  structure  for  various  po.sitions  of  the 
Fermi  level.  For  this  purpo.se  we  u.sed  the  virtual  crystal  band  stmeture  calculated  with  25%  Co. 
A  blow-up  of  this  band  .structure  near  the  gap  is  shown  in  Fig.  4. 

As  in  LaFe4Sb,2  the  gap  of  0.56  eV  is  indirect  with  a  valence  band  maximum  at  F.  The 
conduction  band  minimum  is  along  the  F-H  and  coincidentally  is  virtually  degenerate  with  the 
lowest  band  at  N.  Although  the.se  multiple  minima  in  the  zone  provide  a  favorable  arrangement 
for  TE  in  n-type  material,  we  note  that  n-type  La(Fe,Co)4Sb|2  apparently  cannot  be  made  without 
substantial  La  deficiency,  which  would  modify  the  band  .structure.  The  direct  gap  at  F  is  0.66  eV. 

The  valence  band  structure  is  also  intere.sting  from  a  TE  point  of  view.  The  valence  band 
edge  is  derived  from  a  singly  degenerate  light  ma.ss  (m  =  0.2  m,)  band  of  hybridized  Sb  p 
character,  which  di.sperses  downwards  away  from  the  F  point.  However,  immediately  below  this 
band  is  a  much  flatter  band  (m  =  3  nij  of  primarily  Fe/Co-d  character  [21].  With  increasing  hole 
doping,  starting  with  undoped  material,  the  Fermi  energy  initially  moves  into  the  light  band. 


Figure  2  Projected  DOS  of  LaFe4Sb,2  on  a  per  formula  unit  basis. 
The  solid  line  is  the  total  DOS  and  the  dotted  line  is  the  Co  d 
contribution.  The  Fermi  energy  is  at  0  eV. 
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However,  at  a  band 
filling  of  only  0.005 
e/cell  (l.SxlO'^*  cm"’), 
corresponding  to  a 
Fermi  energy  of  0.1 
eV  relative  to  the 
VBM,  the  second 
band  is  reached.  This 
heavy  band  shows 
strong  onsets  in 
N(E),  vJ(E)  and 
related  quantities, 
resulting  in  a  strong 
energy  dependence  in 
cr,  and  high  values  of 
S.  Reported  samples 
[3]  show  Hall 
numbers  above  10“ 
cm'®  implying  that 
both  the  light  and 


Figure  3  Total  DOS  for  La(Fe,Co)4Sbij  with  0%  (solid),  25%  (dotted) 
and  50%  (dashed)  Co.  The  valence  band  edges  are  fixed  at  0  eV.  The 
values  of  Ej.  are  denoted  by  the  dotted  vertical  lines. 


heavy  bands  are  active  in  transport. 

In  order  to  understand  the  transport  more  quantitatively,  we  have  performed  calculations 
of  transport  properties  as  a  function  of  hole  doping  away  from  the  gap  based  on  the  25%  Co 
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virtual  crystal  band 
structure  of  Fig.  4. 

The  Hall  number, 
carrier  concentration 
(doping  level),  and 
thermopower  at 
600K  are  shown  as  a 
function  of  Ep  in  Fig, 

5.  Over  almost  all  of 
the  range  shown  the 
Hall  number  is  lower 
than  the  doping  level. 

This  deviation,  which 
increases  with  band 
filling,  reflects 
deviations  from 
parabolic  band 
behavior.  Although 
the  presence  of  the 
heavy  band  is 
responsible  for  the 
high  thermopower  of 
this  materials,  S  at 
600K  does  not  show 

any  noticeable  structure  near  -26  mRy,  which  is  the  on.set  of  the  heavy  band.  This  is  because  the 
form  of  Eqn.  7  has  strong  contributions  at  energies  up  to  2-3  kT  from  the  chemical  potential  [22] 
and  because  kT  at  600K  is  3.7  mRy.  Thus  the  heavy  band  contributes  to  S  over  the  entire  range 
of  Fig.  5.  However,  the  carrier  concentration  increa.ses  sharply  below  the  on.set  of  the  second 
band,  reflecting  its  sharp  dispersion.  This  provides  a  mechanism  for  pinning  the  Fermi  level  near 
the  on.set,  providing  high  thermopowers  even  though  the  carrier  concentration  is  apparently 
difficult  to  control  in  the.se  materials. 

Although  the  Hall  number  is  not  reported,  the  sample  .shown  by  Sales,  Mandrus  and 
Williams  [3]  has  S(600K)  =  180  pV/K.  Comparing  with  our  calculations,  this  corresponds  to  a 
chemical  potential  of  -30  mRy,  or  4  mRy  below  the  on.set  of  the  heavy  band.  This  corresponds 
to  a  doping  level  of  0.08  holes  per  cell  and  a  Hall  number  of  .045  holes  per  cell.  The  Hall 
concentration  of  1.2x10™  holes  per  cm'^  is  con.sistent  with  the  reported  lower  end  of  the  range 
of  Hall  concentrations  reported  in  Ref  [3]  for  various  samples  (1x10™  cm  ’).  As  discussed  below 
the  be.st  TE  properties  are  anticipated  at  lower  doping  levels,  and  the  TE  properties  of  the  sample 
shown  are  apparently  near  the  be.st  that  were  measured. 

The  temperature  dependence  of  S  at  a  chemical  potential  -30.3  mRy  (matching  the 
experimental  value  of  S  at  500K)  is  shown  in  Fig.  6.  The  agreement  is  only  .semi-quantitative, 
and  is  clearly  not  as  good  as  was  obtained  for  binary  skutterudites,  particularly  in  view  of  the 
fact  that  the  Seebeck  coefficient  was  u.sed  in  the  present  case  to  fix  the  carrier  density,  while  in 
the  binaries  it  was  determined  from  independent  mea.surements  of  the  Hall  number.  The 
implication  is  that  either  the  approximation  of  neglecting  the  energy  dependence  of  x  is 
inadequate,  as  could  be  the  ca.se  in  the  light  band  near  the  on.set  of  the  heavy  band,  or  the 
calculated  band  structure  is  distorted  relative  to  the  sample.  The  latter  po.ssibility  is  not  readily 
discounted.  We  note  the  fact  that  the  actual,  as  measured,  material  is  La  deficient,  and  based  on 


Figure  5  Hole  concentration  (-I-).  Hall  number  (da.shed)  and 
thermopower  at  6()0K  (.solid)  vs.  chemical  potential  in  La(Fe.Co)Sb,.  The 
onsets  of  the  light  and  heavy  bands  are  at  -18  mRy  and  -26  mRy. 
respectively. 
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our  results  La 
strongly  modifies  the 
valence  band  struc¬ 
ture.  Specifically  La- 
Fe-Sb  hybridization 
[23]  determines  the 
relative  positions  of 
the  heavy  and  light 
bands,  which  is  an  im¬ 
portant  ingredient  in 
determining  the  temp¬ 
erature  dependence  of 
S. 

Related  to  this 
it  should  be  noted 
that  the  thermal 
conductivity  for  this 
sample  in  the  temp¬ 
erature  range  above 
500K  is  roughly  1/3 
electronic  and  2/3 

lattice  in  origin.  As  mentioned  k,  is  strongly  reduced  from  k,  of  CoSbj  by  La  addition,  but  most 
of  this  effect  is  expected  to  occur  at  fairly  low  La  concentrations  within  the  rattling  ion 
framework  of  Slack  and  Cahill,  Watson  and  Pohl  [15],  and  supported  by  measurements  in  the 
Ce(Fe,Co)4Sbi2  on  samples  with  different  Ce  concentrations  [4].  Because  of  the  strong  interaction 
between  the  vtdence  bands  and  La,  La  vacancies  should  strongly  scatter  electrons  reducing  the 
electrical  conductivity.  This  is  consistent  with  the  wide  range  in  hole  mobilities  (2-30  cia^rVs) 
measured  for  the  various  samples.  Based  on  this  we  conjecture  that  samples  with  higher  La 
filling,  if  they  can  be  made,  would  have  higher  mobilities  and  higher  values  of  o  at  a  fixed  band 
filling.  Because  of  the  Wiedemann-Franz  relation,  this  would  also  lead  to  higher  K^.  In  that  case, 
the  value  of  S  would  become  the  most  important  factor  determining  ZT  at  a  given  temperature. 
We  speculate  it  may  be  quite  feasible  to  increase  ZT  substantially  in  this  material  if  the  La 
concentration  could  be  made  stoichiometric  near  25%  Co  concentration.  In  this  case,  the  doping 
level  for  maximum  ZT  will  occur  at  lower  carrier  concentrations  than  any  of  the  reported 
samples.  We  speculate  that  depending  on  how  much  the  mobility  can  be  improved  by  La  filling, 
it  may  be  possible  to  obtain  high  values  ZT  at  lower  temperatures  by  doping  so  that  the  chemical 
potential  is  roughly  kT  above  the  onset  of  the  heavy  band  (i.e.  in  the  10'®  cm’’  range). 

p-Zn4Sb3 

p-Zn4Sb3,  like  La(Fe,Co)4Sb]2  appears  to  be  a  low  carrier  concentration  metal  with  a  very 
low  lattice  thermal  conductivity.  For  example,  the  resistivity  [2]  increases  linearly  with  T  over 
a  wide  range.  The  Hall  number,  Ug  =  9x10”  cm'’  for  the  reported  high  ZT  sample,  which 
although  small  for  a  metal  may  be  too  large  to  allow  analysis  of  the  transport  in  terms  of  usual 
semiconductor  formulae.  Our  first  principles  calculations,  discussed  below,  show  that  the  Ug  is 
not  simply  related  to  the  actual  doping  level  defined  by  band  filling  again  characteristic  of  a 
metal.  Also  like  the  skutterudite,  the  crystal  structure  of  P-Zn4Sb3  is  dominated  by  both  metal-Sb 
and  Sb-Sb  bonds,  implying  a  high  degree  of  covalency,  which  is  also  apparent  from  the 


Figure  6  Calculated  (dashed,  see  text)  and  experimental  (solid)  S(T)  for 
La(Fe,Co)Sb,2. 
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calculations.  This  strongly  aoo 

covalent  network  may  be  a 
key  ingredient  in  obtaining 
rea.sonable  conductivities  in 
a  material  with  high  S,  as  ^ 

has  been  previou.sly  noted  | 

by  several  authors  for  S 

semiconductor  TE  |  100 

materials  where  a  ~ 

combination  of  high 
effective  mass  and  high  ^ 

mobility  is  .sought. 

The  calculated  DOS 
of  p-Zn4Sb,  is  shown  in 
Fig.  7.  As  mentioned  this  0^ 

was  obtained  for  the 
stoichiometric  composition. 

The  actual  E,;  was  deter-  Figure  7  DOS  of  p-Zn^Sb,.  The  calculations  were  performed  for 
mined  within  a  rigid  band  the  .stoichiometric  composition  (Ej.  at  lower  vertical  line).  The 
approximation,  by  match-  actual  Fermi  energy  is  given  by  the  upper  marker, 
ing  the  calculated  and 

measured  values  of  n,,.  This  rigid  band  approximation  is  expected  to  be  very  good  in  this  material 
becau.se  of  the  strong  covalency  and  the  .similar  bonding  of  Sb  and  the  additional  Zn  in  this 
compound  as  implied  by  the  existence  of  the  mixed  site. 

The  mea.sure.d  n,,  is  approximately  0.05  holes  per  unit  cell.  Matching  this  with  our 
calculations  of  n,,  we  find  an  upward  .shift  of  E,.  by  24  mRy  with  re.spect  to  the  .stoichiometric 
Ep  .  This  places  E,.  8  mRy  below  the  band  gap,  and  corresponds  to  a  doping  level  of  0.1 
holes/cell.  As  mentioned  n,,  and  band  filling  are  often  not  simply  related  in  metals.  In  P-ZnjSb, 
this  occurs  becau.se  of  the  topology  of  the  Fermi  .surface,  which  is  complex,  highly  non-parabolic 
and  anisotropic.  Particularly,  it  has  both  hole  like  and  electron  like  .sections  and  varies  strongly 
near  the  actual  E,„  The  complexity  of  the  Fermi  .surface  near  the  actual  E,.  leads  to  rapid  variation 
of  the  Fermi  velocities,  v,  with  energy.  This  leads  to  an  enhancement  of  the  energy  dependence 
of  o,  which  according  to  the  kinetic  theory  di.scu.s.sed  above  leads  to  high  thermopowers.  This 
sugge.st.s  the  investigation  of  other  low  carrier  density  metals  with  strongly  energy  dependent 
Fermi  surface  topologies  and  low  lattice  thermal  conductivities  as  possible  TE  materials. 

At  the  actual  band  filling  the  calculated  plasma  frequency  is  0.22  eV,  which  is  in  the  low 
end  of  the  metallic  regime.  With  this  band  filling  we  obtain  S  (averaged  over  direction  to 
compare  with  non-oriented  .sample.s)  in  good  agreement  with  experimental  mea.surements.  which 
strongly  supports  the  pre.sent  band  .structure  model.  The  temperature  dependence  of  S  is  .shown 
in  Fig.  8  along  with  the  experimental  data  of  Ref.  2,  As  may  be  noted  the  agreement  is  excellent, 
particularly  con.sidering  that  only  the  independently  measured  n„  was  u.sed  to  fix  E,..  Calculations 
at  other  doping  levels  are  also  plotted  illustrating  the  strong  dependence  of  S  on  doping  level  in 
this  material  at  temperatures  where  ZT  is  large. 

The  experimentally  measured  thermal  conductivity  [2]  is  extremely  low  and  clo.se  to  the 
Wiedemann  Franz  value  for  the  reported  sample.  Although  Wiedemann-Franz  depends  on  a 
number  of  approximations  that  can  be  violated  in  real  materials  the  implication  is  that  the  lattice 
component  of  the  k  is  extremely  low,  and  that  for  the  reported  .sample  K,,  dominates.  In  .such  a 
regime,  ZT  is  roughly  proportional  to  S\  meaning  that  increasing  S  .should  lead  to  increa.ses  in 
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ZT,  despite  the  fact  that  a  may  decrease. 

The  calculations  show  that  S  increases 
with  increasing  Ep,  and  this  corresponds  to 
increasing  the  amount  of  Zn  on  the  mixed 
Sb-Zn  site.  It  would  be  interesting  to 
determine  the  effect  of  this  on  ZT  if 
samples  with  higher  Zn  concentrations  can 
be  made. 

SUMMARY 

First  principles  calculations  of 
band  structures  and  transport  properties  of 
La(Fe,Co)4Sbi2  and  P-Zn4Sb3  are  reported. 

In  both  cases  high  ZT  and  large 
thermopowers  have  been  reported  on 
materials  that  may  be  reasonably 
described  as  metalhc,  both  from  the  point 
of  view  of  experimental  measurements 
and  the  calculated  band  structures.  The 
electronic  structure  of  La(Fe,Co)4Sb,2  is 
strongly  distorted  from  that  of  the 
corresponding  binary,  CoSbj  implying  a 
non-trivial  role  for  La.  The  results  suggest 
that  samples  with  higher  La  filling,  and 

lower  hole  concentrations  may  have  better  TF  properties.  In  p-Zn4Sb3,  higher  Zn  concentrations 
on  the  mixed  site  will  favor  lower  hole  concentrations,  which  may  also  be  favorable  for  obtaining 
higher  ZT. 
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ABSTRACT 

After  a  brief  review  of  the  transport  and  thermoelectric  properties  of  filled  skutterudite 
antimonides,  we  present  resonant  ultrasound,  specific  heat,  and  inelastic  neutron  scattering 
results  that  establish  the  existence  of  two  low-energy  vibrational  modes  in  the  filled  skutterudite 
LaFe3CoSbi2,  It  is  likely  that  at  least  one  of  these  modes  represents  the  localized,  incoherent 
vibrations  of  the  La  ion  in  an  oversized  atomic  “cage.”  These  results  support  the  usefulness  of 
weakly  bound,  “rattling”  ions  for  the  improvement  of  thermoelectric  performance. 

INTRODUCTION 

One  of  the  most  promising  new  ideas  in  the  field  of  thermoelectrics  is  the  “electron- 
crystal,  phonon-glass”  (ECPG)  concept  originally  proposed  by  Slack.'  In  this  picture  a  loosely 
bound  atom  with  a  large  thermal  parameter  scatters  phonons  much  more  strongly  than  electrons, 
thus  permitting  a  “glasslike”  thermal  conductivity  to  coexist  with  the  high  electron  mobilities 
found  in  crystals.  Very  recently.  Sales,  Mandrus,  and  Williams^  reported  a  high  thermoelectric 
figure  of  merit  (ZT)  in  LaFe3CoSbi2,  which  was  primarily  due  to  a  drastic  reduction  in  the  lattice 
component  of  the  thermal  conductivity  of  this  material  compared  to  its  unfilled  analogue.  Similar 
results  have  been  reported  by  others.^’'*  Although  it  was  hypothesized  in  Ref  2  that  the  reason 
for  the  large  ZT  in  filled  skutterudites  was  the  incoherent  “rattling”  of  the  rare  earth  ions,  no 
evidence  for  a  low  frequency  local  mode  existed  at  that  time.  Here  we  present  resonant 
ultrasound,  specific  heat,  and  inelastic  neutron  scattering  results  that  support  the  existence  of  a 
local  mode  in  LaFe3CoSbi2  and  validate  the  ECPG  approach  to  new  thermoelectric  materials. 
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EXPERIMENTAL  DETAILS 


Polycrystalline  samples  were  synthesized  by  sealing  the  starting  materials  in  silica  tubes, 
heating  above  the  liquidus  temperature,  quenching,  annealing,  and  hot-pressing  All  samples  were 
more  than  90%  dense,  and  single  phase  by  powder  x-ray  diffraction  Single  crystals  were  grown 
using  a  modified  Bridgman  method  and  an  Sb-rich  melt 

Resonant  Ultrasound  Spectroscopy  (RUS)  is  a  dynamic  modulus  measurement  technique 
developed  by  Migliori  et  al.  and  reviewed  at  length  in  Ref  5.  The  technique  employs  tiny 
LiNb03  transducers  and  a  sensitive  heterodyne  receiver  to  measure  the  free-body  resonances  of  a 
small  (2  X  2.5  X  3  mm’)  sample  shaped  in  the  form  of  a  rectangular  parallelepiped  Once  the  free- 
body  resonances  are  known,  non-linear  optimization  methods  are  employed  to  extract  the  elastic 
constants. 

The  neutron  experiments  were  conducted  at  ORNL’s  High  Flux  Isotope  Reactor.  The 
single-crystal  refinements  were  performed  using  a  4-circle  neutron  diffractometer.  The  inelastic 
neutron  experiments  were  performed  on  a  triple  axis  spectrometer  using  both  pyrolytic  graphite 
and  Be  energy  analyzers 

Standard  methods  were  used  for  the  specific  heat  and  resistivity  measurements 
RESULTS  AND  DISCUSSION 

A  brief  review  of  some  important  crystal-chemical  and  transport  properties  of  filled 
skutterudites  will  be  given  first.  A  diagram  of  the  cubic  filled  skuttenidite  crystal  structure 
(space  group /mi,  34  atoms  per  unit  cell)  appears  in  Figure  1  There  are  two  interesting  aspects 
to  this  structure.  First,  the  rare  earth  ion  sits  in  an  oversized  atomic  “cage”  A  typical  ionic 
radius  for  a  rare  earth  is  about  1.4  A,  whereas  the  radius  of  the  “hole”  in  the  skutterudite 
structure  is  about  2.0  A.  This  suggests  that  the  rare  earth  ion  is  weakly  bound  and  may  have  a 
large  thermal  parameter  That  this  is  in  fact  the  case  may  be  seen  in  Figure  2,  which  illustrates 
the  large  difference  in  thermal  parameters  between  the  rare  earth  ion  and  the  other  ions  in 
LaFeiCoSbn-  The  second  interesting  feature  in  the  skutterudite  structure  is  the  presence  of  four- 
membered  Sb  rings.  These  rings  suggest  that  the  octet  principle  may  in  fact  be  fulfilled  in 
skutterudites  if  the  Sb-Sb  bonds  are  properly  taken  into  account.  In  fact,  if  we  apply  a  slightly 
modified  form  of  the  octet  rule  known  as  the  generalized  8-N  rule*’,  we  find  that  the  valence 
electron  concentration  per  anion  (VEC)  for  skutterudites  is  6  For  example,  in  CoSbj  each  Co 
contributes  9  electrons  and  each  Sb  contributes  3  electrons;  this  gives  18  valence  electrons  per 
formula  unit,  and  a  VEC  of  6.  This  implies  that  skutterudites  can  be  viewed  as  simple  valence 
compounds  if  the  two  Sb-Sb  bonds  per  Sb  are  taken  into  account  Therefore,  the  generalized  8-N 
rule  predicts  that  any  skutterudite  with  a  VEC  =  6  should  be  a  semiconductor,  as  is  CoSb,  In 
semiconducting  LaFe3CoSb|2,  for  example,  the  VEC  =  6  and  the  rule  is  obeyed  Although  these 
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Figure  1.  Diagram  of  the  filled  skutterudite  structure.  For  LaFe3CoSbi2  the 
two  large  balls  represent  La  ions,  the  small  dark  gray  balls  represent  Fe  or  Co 
ions,  and  the  light  gray  balls  represent  Sb  ions.  Note  the  four-membered  Sb 
rings,  and  the  large  “cage”  in  which  the  La  resides. 


Figure  2.  Refined  atomic  displacement  parameters  obtained  on  a  single  crystal 
of  Lao.75Fe3CoSbi2  using  a  4-circle  neutron  diffractometer.  The  crystal  was 
approximately  2  mm  on  a  side.  The  large  value  of  the  atomic  displacement 
parameter  for  the  La  ion  is  consistent  with  a  large  amplitude  vibratory  motion, 
although  static  disorder  can  also  lead  to  a  large  v3ue  of  U.  Solid  lines  are  guides 
to  the  eye. 
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Figure  3.  ZT  vs  temperature  for  two  filled  skutterudite  antimonides  and  a 
m^el  calculation  assuming  transport  occurs  in  a  single  parabolic  band  The 
calculation  was  performed  assuming  the  relaxation-time  approximation,  with 
the  energy  dependence  of  the  relaxation  time  given  by  t  =  ToE'.  For  acoustic 
phonon  scattering,  r  =  -1/2. 

simple  electron  counting  arguments  are  no  substitute  for  detailed  electronic  structure  calculations, 
they  are  often  useful  guides  to  the  synthesis  of  new  materials/^ 

In  Figure  3  we  plot  ZT  vs  temperature  for  two  filled  skutterudite  antimonides  We  also 
plot  a  model  calculation  for  ZT  using  generalized  Fermi-Dirac  statistics  and  assuming  that 
transport  occurs  in  a  single  parabolic  band.  At  high  temperatures  the  achievable  thermopowers 
and  resistivities  of  the  filled  and  unfilled  materials  are  not  dramatically  different,  but  as  we 
illustrate  in  Figures  4  and  5  the  lattice  component  of  the  thermal  conductivity  of  the  filled 
compounds  is  an  order  of  magnitude  smaller  than  that  of  the  unfilled  at  room  temperature  Also 
in  Figure  5  we  plot  the  minimum  thermal  conductivity  as  calculated  by  the  prescription  of  Cahill, 
Watson,  and  Pohl*  using  sound  velocities  obtained  by  RUS  To  reach  minimum  thermal 
conductivity,  heat  transport  in  a  material  should  occur  as  a  random  walk  of  thermal  energy 
between  neighboring  atoms  vibrating  with  random  phases.  This  implies  a  mean  free  path  on  the 
order  of  an  interatomic  spacing,  and  is  nearly  impossible  to  achieve  in  real  materials  Glasses,  for 
example,  have  a  mean  free  path  of  about  10  A.  We  can  estimate  the  mean  free  path  in 
Lao  75Fe3CoSbi2  as  follows.  If  we  write  k  =  1/3  C,.  <v>  A,  where  C,.  is  the  heat  capacity  per  unit 
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Figure  4.  Lattice  component  of  thermal  conductivity  of  CoSbs  and  two  filled 
skutterudites  vs.  temperature.  The  reduction  in  thermal  conductivity 
achieved  by  filling  the  rare-earth  site  is  truly  remarkable. 


Figure  5.  Lattice  component  of  the  thermal  conductivity  of  three  filled 
skutterudites  and  vitreous  silica  vs.  temperature.  Also  plotted  is  the  minimum 
thermal  conductivity  for  a  filled  skutterudite  antimonide  calculated  using  Eq.  17 
of  Ref  8. 
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volume,  <v>  =  is  the  average  sound  velocity,  and  A  the  phonon  mean  free  path,  we  find  that  for 
LaFesCoSbn  we  have  A  =  8.2  A.  This  is  comparable  to  the  7.9  A  distance  between  the  rare  earth 
ions,  and  is  consistent  with  the  notion  that  phonons  are  scattered  by  incoherently  vibrating  La 
ions. 

In  order  to  better  characterize  the  lattice  dynamics  of  filled  skutterudites,  RUS 
measurements  were  performed  on  both  CoSb,  and  Lao7jFe3CoSbi2  from  5  to  300  K.  The  results 
appear  in  Figure  6  and  in  Table  1.  The  solid  line  through  the  CoSbj  data  is  a  model  calculation 
using  the  function  c(T)  =  Co  -  s/(e*^  -  I);  this  function,  which  has  some  theoretical  justification, 
was  shown  by  Varshni’  to  describe  the  temperature  dependence  of  the  elastic  constants  of  many 
simple  substances  and  in  effect  defines  “normal”  elastic  behavior  in  much  the  same  way  that  the 
Debye  model  defines  “normal”  specific  heat  behavior  It  is  immediately  apparent  from  Figure  6 
that  although  CoSb^  is  well-defined  by  the  Varshni  function,  the  elastic  response  of 
La<)75Fe3CoSb|2  is  quite  unusual.  The  large  change  in  c^^  at  low  temperatures  is  immediately 
suggestive  of  a  low  energy  mode  that  couples  strongly  to  acoustic  phonons,  and  the  two  well- 
defined  peaks  in  the  ultrasonic  attenuation  of  Lao75Fe.,CoSb|2  suggest  that  two  low-energy  modes 
may  be  present.  Although  a  complete  understanding  of  the  elastic  response  of  La<)75Fe,iCoSbi2  is 
not  yet  available,  we  can  begin  to  understand  the  data  by  considering  the  elastic  response  of  a 
two-level  system  (TLS).  First,  we  recall  that  the  elastic  constants  are  given  by  the  second 
derivative  of  the  free  energy  with  respect  to  strain,  c  =  The  Helmholtz  free  energy  of  a 

TLS  is  given  by  F  =  -kijT  ln(l  +  e"''^’),  where  A  is  the  level  spacing  If  we  assume  that  strain 
couples  to  the  system  as  A  =  Ao  +  de,  where  d  is  a  coupling  constant,  it  is  a  simple  matter  to 
calculate  the  two-level  contribution  to  the  elastic  response  As  illustrated  in  Figure  7,  we  find 
that  we  can  model  the  data  reasonably  well  by  including  2  TLS's  with  level  spacings  of  50  K  and 
200  K. 


To  further  characterize  the  unusual  thermodynamics  of  filled  skutterudites,  specific  heat 
measurements  were  performed  on  a  sample  of  La<,9Fe,CoSb,2  from  2  K  to  45  K  The  results 
appear  in  Figure  8.  In  addition  to  the  standard  Cp  =  yT  +  Pt\  two  Einstein  oscillators  of  the 
form  C|.;insicin  =  (6|;/T)^  e'^'^’/je*"  -  1)^  were  required  in  order  to  successfully  model  the  data 

The  Einstein  temperatures  of  the  two  oscillators  were  0|;i  =  70  K,  and  612  =  157  K  It  is 
tempting  to  ascribe  the  lower  energy  oscillator  to  the  “rattling”  of  the  La  ions  because  the 
magnitude  of  the  70  K  oscillator  contribution  is  about  what  we  expect  At  high  temperature  we 
expect  each  mole  of  Einstein  oscillators  to  contribute  3R  =  24  94  J/K  to  the  heat  capacity  Since 
only  about  1/17  of  the  atoms  are  “rattlers,”  we  expect  a  contribution  of  about  (1/17)*3R  =  1.47 
J/mol-K.  This  is  very  close  to  the  fitted  value  of  1.21  J/mol-K 

Localized  lattice  vibrations  such  as  we  have  been  discussing  are  expected  to  produce 
narrow  peaks  in  the  phonon  density  of  states  (DOS).'"  In  Figure  9  we  present  a  measurement  of 
the  phonon  DOS  using  inelastic  neutron  scattering  These  measurements  were  performed  at  1 1  K 
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Figure  6.  Upper  panel.  Shear  modulus  C44  vs.  temperature  for  CoSbs  and 
Lao.TsFesCoSbn.  The  solid  line  through  the  CoSbs  data  is  a  fit  to  the  function 
c(T)  =  Co  -  s/(e  ”  -  1).  The  fitting  parameters  used  were  Co  =  0.589  x  10"  N/m^, 
s  =  0.0275  X  10"  N/m^,  and  t  =  265  K.  The  solid  line  through  the 
Lao  7^Fe3CoSbi2  data  is  the  fit  to  CoSbo  displaced  downwards  by  0.0144  x  lO" 
N/m^.  Lower  panel.  1/Q  vs.  temperature  for  a  sample  of  Lao75Fe3CoSbi2.  Q 
is  the  quality  factor  for  a  free-body  resonance  of  the  sample,  and  1/Q  is 
proportional  to  the  ultrasonic  absorption. 


Table  1.  Density,  elastic  constants,  bulk  modulus,  longitudinal  and 
transverse  sound  velocity,  and  Debye  temperature  of  CoSb,  and 
La()75Fe3CoSb|2  These  values  were  obtained  from  room  temperature  RUS 
measurements. 


CoSbj 

75t'CiCoSb]  2 

pthcor.  (g/cm^) 

7.64 

7.78 

Pexp,  (g/cm’’) 

7,29 

7.64 

Cl  (10"N/m^) 

1.58 

1.57 

C44(10'‘N/m^) 

0  57 

0  55 

B(10"  N/m^) 

0.82 

0  84 

V|  (m/s) 

4650 

4530 

V|  (m/s) 

2800 

2680 

01)  (K) 

319 

310 

Figure  7.  Open  circles:  shear  modulus  c+i  vs  temperature  for  a  sample  of 
Lao75Fe3CoSb]2.  Solid  line:  estimated  background  C44  obtained  from  the 
function  c(T)  =  Co  -  8/(0'^^'  -  1 )  taking  s  and  t  from  the  fit  to  CoSbi  (see  Figure  6) 
and  choosing  Co  =  0,5785  x  10''N/m^  to  agree  with  the  data  at  low  temperature 
Dotted  line:  two-level  system  (TLS)  model  calculation  obtained  by  taking 
C44(model)  =  C44(background)  +  C44(TLS  #1,  A=50  K)  +  C44(TLS  #2.  A=200  K). 
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Figure  8.  Specific  heat  Cp  divided  by  temperature  vs.  temperature  squared 
for  LaogFesCoSbij.  The  contributions  of  the  two  fitted  Einstein  oscillators 
are  also  shown.  A  fit  to  the  equation  Cp(J/K-mole-atoms)  =  yT  +  PT’  +  A 
Cei(T)  +  BCe2(T)  yielded  the  following  values  for  the  fitting  parameters:  7  = 
0.0037  J/mol-K^  p  =  (12/5)7t‘'kBNA/0D  =  6.86  x  lO’*  J/mol-K\  ©ei  =  70  K, 
A  =  1.21  J/mol-K,  0E2  =  157  K,  B  =  16.00  J/mol-K.  The  Debye  temperature 
©D  obtained  from  this  fit  is  ©d  =  302  K.  This  is  in  excellent  agreement  with 
the  Debye  temperature  of  310  K  obtained  using  RUS  (see  Table  1). 


Figure  9.  Phonon  density  of  states  forLao,9Fe3CoSbi2  obtained  using  inelastic 
neutron  scattering  and  a  pyrolytic  graphite  analyzer.  The  intensity  below  5 
meV  is  from  elastic  scattering. 
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Figure  10.  Phonon  density  of  states  for  La„<)FeiCoSbi2  obtained  using 
inelastic  neutron  scattering  and  a  high  resolution  Be  analyzer  The  intensity 
below  4  meV  is  from  elastic  scattering 

on  a  30  g  polycrystalline  sample  of  l,a»^Fc,)roSbi2  Using  a  high  resolution  Be  analyzer  and  4 
days  of  counting  time,  two  low  energy  peaks  were  visible,  one  at  100  K  and  one  at  240  K. 
Although  the  energies  of  these  peaks  are  close  to  the  vibrational  energies  observed  in  the 
ultrasound  and  specific  heat  experiments,  it  is  important  to  note  that  a  calculation  of  the  phonon 
DOS  of  CoSbi  by  Feldman  and  Singh"  predicts  a  double  peak  stmeture  somewhat  similar  to  the 
one  observed  in  Lao^FeiCoSbn.  Given  that  RUS  has  shown  that  the  lattice  dynamics  of  CoSb, 
and  Lao9Fe3CoSb|2  arc  very  different,  it  is  unclear  how  much  weight  to  attach  to  these 
calculations  in  the  evaluation  of  data  on  the  filled  materials  Measurements  of  the  phonon  DOS 
ofCoSbi  are  presently  underway,  and  these  should  help  us  detennine  the  source  of  the  peaks  in 
the  phonon  DOS  of  Lao9Fe.,CoSb|2. 

In  conclusion,  the  filled  skiittcnidite  antimonides  appear  to  represent  excellent  examples 
of  electron-crystal,  phonon-glass  materials  in  which  the  incoherent  “rattling"  of  loosely  bound 
ions  greatly  reduces  the  lattice  component  of  the  thermal  conductivity  while  only  modestly 
degrading  the  electronic  transport  properties.  Resonant  ultrasound,  specific  heat,  and  inelastic 
neutron  measurements  have  indicated  the  existence  of  two  low-energy  vibrational  modes  in 
Lao  ijFe.iCoSbn  that  do  not  appear  to  be  present  in  CoSbi  It  is  likely  that  one,  or  both,  of  these 
modes  are  associated  with  the  vibrations  of  the  La  ion  in  a  shallow  potential  well 
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ABSTRACT 

A  series  of  new,  metastable  ternary  crystalline  compounds  with  the  skutterudite  crystal 
structure  have  been  synthesized  using  modulated  elemental  reactants.  The  initial  reactants  are 
made  up  of  multiple  repeats  of  a  ~25A  thick  unit  containing  elemental  layers  of  the  desired 
ternary  metal,  iron  and  antimony.  Low  temperature  annealing  (150°  C)  results  in  interdiffusion 
of  the  elemental  layers  to  form  amorphous  reaction  intermediates.  Annealing  these 
intermediates  at  temperatures  between  200°C  and  250°C  results  in  exothermic  crystallization  of 
the  desired  skutterudite  crystal  structure.  Most  of  the  new  compounds  prepared  are  only 
kinetically  stable,  decomposing  exothermically  to  form  thermodynamically  more  stable  mixtures 
of  binary  compounds  and  elements.  Low  angle  x-ray  diffraction  studies  show  that  the  resulting 
films  are  exceedingly  smooth.  These  films  have  an  ideal  geometry  for  measuring  properties  of 
importance  for  thermoelectric  devices — the  Seebeck  coefficient  and  the  electrical  conductivity. 
Thermal  conductivity  can  be  measured  using  a  modification  of  the  3w  technique  of  Cahill. 
Samples  can  be  produced  rapidly,  allowing  for  systematic  screening  and  subsequent  optimization 
as  a  function  of  composition  and  doping  levels. 

INTRODUCTION 

Recently  there  has  been  a  resurgence  of  interest  in  thermoelectrics  because  of  the  discovery 
of  new  materials  and  the  development  of  new  approaches  to  this  old  problem.  The  efficiency  of  a 
thermoelectric  device  is  given  by  the  component  materials’  figure  of  merit,  ZT  =  TS'^ajK,  where 
T  is  the  temperature,  S  is  the  Seebeck  coefficient,  a  is  the  electrical  conductivity  and  k  is  the 
thermal  conductivity.  The  best,  currently  used  materials  have  figures  of  merit  near  1.  If  the 
figure  of  merit  was  increased  to  2  to  4,  thermoelectric  coolers  would  begin  to  compete  with 
compressor  based  refrigeration.  The  development  of  new  materials  with  higher  figures  of  merit 
would  replace  fluorocarbon  compounds  used  in  compressors  with  Peltier  refrigerators,  enable 
power  generation  from  heat  sources  which  are  currently  considered  “waste”  heat,  and  enable  the 
cooling  of  electrical  circuits,  including  those  containing  superconducting  oxide  electronics[l,2]. 

Optimizing  the  figure  of  merit  involves  balancing  several  factors  which  have  resulted  in  the 
development  of  some  general  guidelines.  One  wants  as  high  a  Seebeck  coefficient  as  possible. 
High  Seebeck  coefficients  result  from  a  large  density  of  states.  Materials  with  high  densities  of 
states  at  the  Fermi  level  include  heavily  doped  semiconductors  and  heavy  fermion  materials.  In 
addition  to  a  high  Seebeck  coefficient,  one  desires  the  greatest  possible  ratio  of  electrical  to 
thermal  conductivity.  Since  thermal  conductivity  from  carriers  and  electrical  conductivity  are 
linked  by  the  Weiderman-Franz  relationship,  the  best  one  can  do  is  make  the  thermal 
conductivity  from  lattice  phonons  as  small  as  possible.  To  obtain  low  phonon  conductivity,  one 
wants  large,  complex  unit  cells  and/or  a  misfit  between  a  lattice  site  and  and  cation.  In  the 
latter  case,  the  random  thermal  displacement  of  the  cation  results  in  a  high  scattering  rate  for 
the  lattice  phonons  resulting  in  a  low  thermal  conductivity.  To  maintain  good  electrical 
conductivity  in  such  a  material,  one  wants  the  elements  with  states  at  the  fermi  level  to  be  part 
of  a  rigid  covalent  network,  with  little  contribution  from  the  orbitals  of  the  vibrating  cation. 

Since  there  are  several  factors  which  need  to  be  tuned  to  optimize  these  properties,  one 
needs  chemical  flexibility  within  a  structure.  Thus  improved  thermoelectric  materials  are  likely 
to  be  ternary  or  quaternary  compounds.  An  example  of  one  such  promising  new  ternary 
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material  for  thermoelectric  applications  are  the  filled  skiitterndites.  These  materials,  of  general 
formula  MFe4_,TCo,^Sb]2  where  M  =  La,  Ce,  Nd  and  0  <  x  <  4,  have  been  found  to  have 
unoptimized  figures  of  merit  near  1[2].  This  promising  figure  of  merit  is  a  res\ill  of  several 
contributing  factors.  First,  the.se  compounds  have  a  reasonably  high  Seebeck  coefficient  resulting 
from  a  complex  structure  at  the  Fermi  energy.  In  addition,  they  have  a  very  low  lattice  thermal 
conductivity  as  a  result  of  effective  phonon  scattering  by  the  lanthanide  cation.  The  lanthanide 
cations  have  a  very  large  vibrational  amplitude  as  a  result  of  the  large  coordination  site  formed 
by  the  iron-antimony  framework. 

Synthetic  problems  have  prevented  optimization  of  the  properties  of  the  filled  skutterudites. 
The  synthesis  of  ternary  and  quarternary  compounds  using  traditional  solid-state  synthesis 
techniques  often  results  in  mixed  pha.se  products.  Unfortunately,  this  is  the  case  in  the  synthesis 
of  the  “filled”  skutterudite  antimonides(.'i,4].  The  traditional  synthesis  of  solid  state  compounds 
is  limited  because  high  temperatures  are  needed  to  overcome  low  solid  state  diffusion  ratesl.S.O]. 
This  limits  the  prodticts  to  the  thermodynamically  most  stable  compouiuls.  In  a  compound 
such  as  the  filled  skutterudites,  the  misfit  between  lattice  site  and  ternary  cation  results  in  a 
lower  lattice  energy  than  would  be  expected.  The  lattice  energy  can  be  increased  by 
substitution  of  a  larger  cation,  but  this  would  result  in  an  increase  in  the  lattice  thermal 
conductivity.  One  would  actually  like  to  prepare  filled  skuttertulites  with  smaller  cation  such  as 
lutetium,  resulting  in  hopefully  lower  lattice  thermal  conductivity  but  also  less  lattice  stability. 
This  is  not  possible  using  conventional  approaches,  since  the  mixture  of  binary  compounds  is 
more  stable  than  the  desired  ternary  compound. 

This  synthesis  problem  is  particularly  problematic  when  one  is  trying  to  scan  a  large  group 
of  compounds  for  Improved  properties.  For  scanning  purposes,  one  needs  clean,  single  phase 
materials  with  controllable  dopant  levels.  Even  when  it  is  possible  to  discover  a  set  of  retiction 
conditions  to  prochice  a  particular  com|>ound,  this  usually  recpiires  considerable  effort  which 
often  mt.ist  be  repeated  for  e.ich  new  trial  comimsition. 

Our  solution  to  this  .synthesis  problem  is  the  use  of  modulated  elemental  reactants.  These 
reactants  overcome  diffusion  limitations  by  making  diffusion  lengths  on  the  order  of  angstroms. 
By  using  reactants  with  short  enough  diffusion  lengths,  one  can  form  amorphous  intermediates 
through  a  solid  state  amorphization  reaction|7).  Nucleation  then  becomes  the  rate  limiting  step 
in  forming  a  crystalline  compound(8].  This  ability  to  control  reaetion  intermediates  is  important 
because  on  can  now  avoid  binary  compotinds  as  intermediates  during  the  synthesis  of  higher 
order  compounds[0].  This  makes  it  po.ssible  to  kineticallv  acce.ss  compounds  which  are 
thermodynamically  unstable  with  respect  to  binary  compounds[lO].  The  products  of  this 
synthesis  are  phase  pure  films  of  .several  thousand  angstrom  thickness.  Physical  projierties  can 
be  easily  measured  on  the.se  films.  The  films  can  be  patterned  during  deposition  making  them 
ideal  for  measuring  conductivity  and  Seebeck  coefficients.  Thermal  conductivity  can  be 
mcasiircd  using  a  modification  of  the  3a;  technique  of  Cahill[11.12]. 

EXPERIMENTAL 

The  multilayer  reactants  were  prepared  in  a  high-vacuum  evaporation  system  which  has 
been  de.scribed  in  detail  elsewhere[13].  Briefly,  the  elements  were  seqiientially  evajiorated  under 
high  vacuum  (~  3  x  10“’^  torr)  under  the  control  of  a  personal  computer.  Elements  were 
deposited  at  rates  of  0.5  A/sec  using  either  electron-beam  guns  of  Kiindsen  cells.  Dejiosition 
rates  of  each  element  were  monitored  using  independent  quartz  crystal  thi(  kness  monitors. 
Deposition  was  done  simultaneously  on  several  different  substrates. 

Different  substrates  were  used  for  different  applications.  A  polished  silicon  wafer  was  used  to 
characterize  the  deposited  multilayer  an<l  inve.stigate  the  interdiffusion  of  the  reactants  using 
low-angle  x-ray  diffraction[14].  Multilayer  compo.sites  deposited  on  PMM.A  coated  wafers  an' 
floated  free  from  the  substrate  by  dissolving  the  PMMA  with  acetone,  then  collected  for 
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Figure  1:  Differential  scanning  calorimetry  data  for  a  representative  Y-Fe-Sb  sample.  The 
exotherm  at  200°C  is  due  to  crystallization  of  Yi_iFe4Sbi2.  The  sample  decomposed  with  no 
obvious  exotherms,  by  550°C. 


differential  scanning  calorimetry  (DSC)  studies.  The  total  mass  of  each  sample  collected  from 
the  PMMA  coated  wafers  was  ~  2-3mg. 

The  stoichiometry  of  the  samples  was  determined  by  electron  microprobe  analysis.  Samples 
were  annealed  in  a  differential  scanning  calorimeter  under  a  nitrogen  atmosphere.  Measured 
exotherms  were  correlated  with  x-ray  diffraction  data  to  identify  and  track  the  interdiffusion  of 
the  elements  and  the  crystallization  of  any  compounds.  Samples  on  native  oxide  coated  silicon 
substrates  were  annealed  in  a  nitrogen  glove  box  with  less  than  a  part  per  million  of  oxygen  and 
water. 

RESULTS  AND  DfSCUSSfON 

We  have  successfully  applied  this  synthesis  approach  to  the  synthesis  of  new  skutterudites 
with  the  goal  of  optimizing  their  figure  of  merit.  Figure  1  shows  the  calorimetry  trace  of  a 
modulated  elemental  reactant  with  alternating  layers  of  yttrium,  iron  and  antimony  with  an 
overall  composition  ratio  near  1:4:12.  An  exotherm  is  observed  at  200“C.  Diffraction  data 
collected  after  this  exotherm  and  after  heating  to  550°C,  shown  in  figure  2,  indicate  that  the 
exotherm  is  from  nucleation  and  growth  of  a  new  filled  skutterudite  compound  YFe4Sbi2.  By 
550°  C,  this  new  compound  decomposes  into  a  thermodynamically  more  stable  mixture  of  Sb, 
FeSb2  and  non-crystalline  material.  Therefore,  this  new  compound  could  not  have  been  made 
using  conventional  synthesis  since  it  is  thermodynamically  unstable  with  respect  to  binary 
compounds  which  are  reaction  intermediates  in  the  conventional  synthesis.  The  FeSb2  impurity 
is  due  to  this  particular  sample  having  and  Fe:Sb  ratio  of  slightly  greater  than  1:3.  Samples  with 
stoichiometric  ratios  of  iron  to  antimony  show  no  FeSb2  impurities.  We  are  therefore  able  to 
control  impurity  levels  using  the  average  composition  of  the  starting  multilayer.  Using  this 
synthesis  approach  we  have  replaced  the  lanthanum  cation  with  a  vacancy  forming  the  new 
binary  compound  FeSbs,  a  tetravalent  cation,  hafnium,  forming  Hfi_j,Fe4Sbi2,  and  the  divalent 
cation  tin.  In  addition,  we  have  replaced  the  lanthanum  with  all  the  lanthanides  as  well  as 
group  IllB  metals.  Phase  pure  materials  are  obtained  by  low  temperature  annealing  above  the 
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Figure  2;  X-ray  difFractinu  sratis  taken  on  the  Y-Fe-Sl)  sample  shown  in  figure  1  after  heating 
to  250°C  (top)  and  GSO^C  (bottom).  The  top  diffiaetion  pattern  is  tliat  of  't'i_j.Fe.)Sbij  with  a 
small  amount  of  FcSb2  impurity.  The  bottom  diffiartion  is  that  of  a  mixture  of  Sb  and  FeSbj. 


formation  cxotherm[15  17]. 

The  synthe.sis  approarli  we  are  using  provides  rapid  aeeess  to  these  various  eomponuds  ns 
well  as  solid  solutions  of  these  eomponuds  beeause  up  to  20  different  samjdes  ran  be  i)rndured 
with  a  single  deposition  chamber  per  day.  This  synthesis  airiiroarh  also  gives  un]ireeedented 
control  over  important  .synthetic  parameters.  In  additioTi  to  sim]de  solid  solutions,  it  is  possible 
to  controllably  dope  samples,  prepare  .samples  with  composition  gradients,  and  jirepare 
crystalline  s\iperlattiee.s  containing  interwoven  layers.  Elect rieal  conductivity  and  Seebeck 
coefficients  can  bo  measured  on  .samples  deposited  directly  on  insulating  substrates.  For  thermal 
conductivity  measurements,  the  .samples  have  been  deposited  directly  on  thin  poly-imide  slu'cts. 
The  formation  temperature  is  low  enough  that  the  samples  can  be  erystallired  without 
damaging  the  plastic  substrate.  With  this  proee.ss,  samples  can  be  jirodticed  rai)idly  and  reliably 
enough  that  the  scanning  of  materials  is  limited  by  the  measurement  of  physical  iiroiierties.  not 
by  the  sample  synthesis. 

We  have  just  begun  the  proee.ss  of  optimizing  these  materials  for  use  in  thermoelectric 
devices.  Figure  3  shows  the  electrieal  eonduetivity  of  the  new  metastable  binary  coni])n\md 
FeSb;).  This  compound,  which  contains  4  fewer  electrons  than  the  seiniconduct ing  roni]>onnd 
CoSbj,  is  metallic  as  expected  from  a  rigid  band  model.  The  first  step  in  the  optimization  of  the 
properties  is  to  prepare  a  series  of  eompounds  with  eaeh  ternary  cation  in  which  the  ratio  of  iron 
to  cobalt  is  controlled  to  form  a  semieouductiug  material.  Preliminary  data  on  substitution  of 
cobalt  for  iron  in  these  systems  indicates  that  the  decomposition  temperature  is  raised  by 
alloying  iron  and  cobalt  skutterudit.es.  The  synthesis  of  these  rnm]inunds  is  currently  cmderway. 

Once  a  semiconducting  material  is  made  with  eaeh  ternary  metal,  we  nerd  to  measure  the 
thermal  conductivity.  We  will  be  using  a  modifiratiou  of  the  .'Ju;  techniriue  develo])ed  by  Cahill. 
Briefly,  the  sample  is  deposited  and  annealed  on  a  very  thin  (T/cm)  poly-imide  film  to  form  a 
continuous,  smooth  skutterudite  film.  A  thin  line  of  silver  metal  is  then  evaporated  onto  the 
back  of  the  poly-imide  foil.  The  silver  is  used  as  both  heater  and  temperattire  sensor.  The 
temperature  o.scillations  of  the  metal  line  are  measured  by  the  third  harmonic  of  the  voltage 
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Figure  3:  The  electrical  conductivity  of  a  FeSbs  film  as  a  function  of  temperature. 


across  the  line.  Both  the  amplitude  and  phase  shift  of  the  temperature  oscillations  as  a  function 
of  frequency  are  used  to  deconvolute  the  thermal  conductivity  of  the  substrate  as  well  as  the 
film.  Measurements  on  substrates  with  skutterudite  films  are  now  underway. 

Once  a  semiconducting  compound  with  a  low  lattice  thermal  conductivity  is  obtained  in  the 
iron-cobalt  solid  solution,  the  next  step  is  to  optimize  the  Seebeck  coefficient.  In  the  currently 
used  materials,  this  was  accomplished  by  heavily  doping  these  semiconductors  resulting  in  a 
large  density  of  states.  The  ternary  skutterudites  provide  three  potential  crystallographic  sites 
for  dopants:  the  ternary  metal  can  be  replaced  or  its  stoichiometry  altered,  the  transition  metal 
site  can  be  doped  with  another  transition  metal  to  either  add  or  remove  electrons,  and  the 
antimony  site  can  be  substituted  with,  for  example,  selenium  as  an  n-type  dopant  or  germanium 
for  p-type  doping. 

CONCLUSION 

Elementally  modulated  reactants  provide  a  new  tool  for  solid  state  chemists  to  rationally 
control  the  synthesis  of  kinetically  stable  compounds.  Its  strength  is  in  the  ability  to  quickly 
explore  composition  space  and  rationally  optimize  the  properties  for  particular  applications. 

The  low  temperature  synthesis  of  Yi_a,Fe4Sbi2  illustrates  this  ability.  Elementally  modulated 
reactants  are  useful  as  an  exploratory  technique  to  probe  both  the  chemistry  and  physical 
properties  of  otherwise  inaccessible  compounds. 
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Abstract 

Polycrystalline  CoSba  films  were  grown  on  a  variety  of  electrically  insulating 
substrates  by  pulsed  laser  ablation  from  a  stoichiometric  hot-pressed  target.  These 
films  are  fully  crystallized  in  the  skutterudite  structure,  and  the  grains  exhibit  a  strongly 
preferred  alignment  of  the  cubic  [310]-axis  perpendicular  to  the  substrate  surface.  The 
film  quality  is  studied  for  different  single-crystal  substrates  and  as  a  function  of  grovrth 
temperature  and  background  gas. 

Hall  measurements  show  that  the  films  are  p-type  semiconducting  with  a 
room-temperature  carrier  density  of  3x10^®  holes/cm®.  The  Hall  mobility  is  found  to  be 
50  to  60  cm^A/s,  which  is  high  for  such  a  heavily-doped  material.  The  Seebeck 
coefficient  and  the  resistivity  are  measured  as  a  function  of  temperature  and  are 
compared  to  bulk  measurements. 


Introduction 

CoSba  is  a  narrow-gap  semiconductor  with  excellent  electronic  properties  including 
high  values  for  the  hole  mobility  |i,  the  electrical  conductivity  a  and  the  Seebeck 
coefficient  S.  The  thermal  conductivity  K  of  CoSbs  is  relatively  large,  however,  for  an 
optimum  thermoelectric  material  (see  [1]  and  references  therein).  In  bulk  CoSbs 
alloys,  the  experimentally  achieved  values  of  the  dimensionless  figure  of  merit  ZT= 

X  a  X  7/  K,  typically  fall  in  the  range  of  ZT <  0.5  and  thus  remain  below  the  values 
required  for  most  practical  applications. 

Recent  efforts  to  obtain  a  higher  ZT  have  been  focused  on  decreasing  the 
lattice  thermal  conductivity  Kiatta.  In  the  “filled”  skutterudites  LaFe3CoSbi2  and 
CeFe3CoSbi2,  a  Kiattice  has  been  measured  which  is  an  order  of  magnitude  lower  than 
that  of  the  isoelectronic  CoSbs  [2].  In  an  alternate  approach  to  reduce  Kiattice.  one  could 
attempt  to  “fill”  the  empty  cage  in  the  CoSbs  lattice  with  a  noble  gas,  thus  incorporating 
a  “rattler”,  i.e.  a  phonon  scatterer,  without  affecting  the  excellent  electronic  properties 
of  the  material. 

Unfortunately,  a  noble  gas  cannot  be  incorporated  into  the  lattice  by  an 
equilibrium  process.  In  a  thin  film,  however,  such  a  “rattler"  may  possibly  be  added 
either  through  diffusion  or  ion  implantation. 

Pulsed  Laser  Deposition  (PLD),  a  process  in  which  the  material  is  ablated 
from  a  stoichiometric  target  by  the  focused  beam  of  an  excimer  laser  and  deposited 
onto  a  heated  substrate,  may  offer  yet  another  way  to  incorporate  impurities.  PLD  is  a 
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fast  growth  method  in  which  non-equilibrium  phenomena  can  be  exploited.  The  use 
of  background  gases  or  ion  sources  can  easily  be  incorporated,  and  it  is  hoped  that 
new  meta-stable  phases  can  be  synthesized  by  such  processes. 

Further  motivation  for  the  growth  of  thin  films  is  derived  from  the  necessity  of 
their  use  in  device  integration  and  the  hope  that  epitaxial  layers  will  lend  themselves 
to  fundamental  studies  that  would  othenwise  have  to  be  performed  on  difficult-to- 
obtain  single  crystals. 

While  it  was  demonstrated  earlier  that  polycrystalline  ■CoSb3  can  be  grown  on 
Si(IOO)  and  quartz  substrates  using  magnetron  rf-sputtering  [3],  this  research  shows 
for  the  first  time  that  thin,  strongly  textured  polycrystalline  films  of  CoSb3  can  be  grown 
by  PLD  on  a  wide  variety  of  substrates,  and  the  thermoelectric  properties  of  these 
films  are  reported. 


Experimental 


For  the  preparation  of  targets,  a  stoichiometric  mixture  of  high  purity  Sb  and  Co  pieces 
were  melted  together  in  a  carbonized  silica  tube  at  1050  "C  for  24  h,  quenched  into  a 
water  bath,  and  then  annealed  at  700  °C  for  30  h.  The  resulting  material  was  ball 

milled  in  an  argon 
atmosphere,  and  hot  pressed 
(10^  Pa)  at  700  °C  into  a  1" 
diameter  pellet.  X-ray 
diffraction  shows  that  only  the 
skutterudite  phase  is  present 
in  the  target. 


20  [deg.] 

Figure  1:  X-ray  diffraction  patterns  (0-20  scans)  for 
100  nm  thick  CoSbj  films  on  (OOI)-oriented  TiOj  for 
substrate  temperatures  between  250°C  and  SOO^C,  and  for 
the  target  material.  The  curves  are  normalized  with  respect 
to  the  strongest  film  reflection.  The  TiOj  reflection  (at 
62.95°)  is  visible  on  all  film  scans. 


A  detailed  description  of  PLD 
can  be  found  elsewhere  [4].  In 
our  setup,  the  CoSb3  target  is 
placed  in  a  vacuum  chamber 
7  cm  from  the  surface  of  the 
substrate,  which  is  mounted 
(using  silver  paste)  on  a 
heated  stainless-steel  plate. 
The  beam  of  a  pulsed  KrF 
excimer  laser  (^  =  248  nm)  is 
focused  onto  a  1mm  x  6mm 
spot  on  the  surface  of  the 
rotating  target  and  is  scanned 
across  the  target  to  avoid 
excessive  patterning  of  the 
target  surface.  Argon  is  used 
as  a  background  gas  with  a 
typical  pressure  of  80  mTorr, 
and  the  focused  laser  energy 
density  is  between  1.5  and 

3  J/cm2  at  a  repetition  rate  of 

4  Hz. 


218 


Experimental  results 

At  substrate  temperatures  above  550°C,  no  film  grow/th  occurs;  i.e.  the  ablated 
material  either  does  not  condense  onto  the  substrate  or  re-evaporates  completely. 
Films  grown  between  500°C  and  550°C  show  a  significant  deficiency  in  Sb  (as 
observed  with  the  EDX).  The  X-ray  diffraction  patterns  for  100  nm  thick  films  grown  on 
001 -oriented  Ti02  substrates  at  various  temperatures  between  250°C  and  500°C  are 
shown  in  Fig.  1  and  compared  to  the  diffraction  pattern  of  the  target  material.  The 
curves  are  normalized  with  respect  to  the  strongest  film  reflection.  The  substrate  peak 
at  62.95°  is  clearly  observed.  The  in-plane  structure  of  the  substrate  is  a  quadratic 
lattice  with  a  =  4.59  A;  half  of  the  cubic  lattice  constant  of  CoSbs  is  only  2%  smaller. 
Despite  this  lattice  match,  no  epitaxy  is  observed.  Instead,  the  films  grow  with  a 
distinct  (310)-texture,  consistent  with  the  previous  report  by  Anno  et  al.  [3] .  Omega- 
scans  show  a  FWHM  of  2.5°  for  the  (310)-reflection,  indicating  strong  alignment  of  the 
grains  in  the  film. 

This  texturing  of  the  films  is  seen  to  be  independent  of  the  substrate  material. 
Fig.  2  compares  the  X-ray  patterns  for  films  grown  on  silicon,  CaF2,  sapphire,  SrTiOs, 
and  Ti02.  In  all  samples  the  (310)-reflection  is  the  most  intense.  Different  grain 

orientations  or  secondary 
phases  are  present  on  all 
but  the  Ti02  and  SrTiOs 
substrates. 

The  reason  no  epitaxy  is 
found  even  in  the  case  of  the 
lattice-matched  Ti02  seems 
to  lie  in  the  very  weak 
bonding  between  the  film 
and  the  substrate.  Note  that 
the  covalent  bonding  within 
the  intermetallic  compound 
is  significantly  different  from 
that  of  the  predominantly 
ionic  Ti02.  Evidence  of  weak 
adhesion  of  the  film  to  the 
substrate  is  found  when  a 
film  is  intentionally 
scratched  and  then  analyzed 
in  the  SEM;  the  film  in  fact 
delaminates  in  micron-sized 
flakes. 

Fig.  3  illustrates  the 
influence  of  the  background 
gas  during  film  growth.  As 
before,  the  film  grown  in 
80  mTorr  of  argon  exhibits 
only  the  (310)  and  the  (620) 
X-ray  reflections.  In  contrast. 
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samples  obtained  in  80  mTorr 
of  forming  gas  (4%  H2  in  Ar) 
and  those  grown  in  vacuum 
show  a  number  of  additional 
reflections. 

Hall  measurements  on 
100  nm  thick  CoSbs  films  on 
Ti02  reveal  p-type  conductivity 
with  a  carrier  mobility  of  50  to 
60  cm^A/s  at  room  temperature 
and  190  -  200  cm^A/s  at  77K. 
The  corresponding  carrier 
densities  are  3x10^°  cm"^  and 
1 .2x1  o'®  cm'®  at  room 
temperature  and  77  K, 
respectively. 

Finally,  the  4-probe  resistivity 
and  the  Seebeck  coefficient 
were  measured 
simultaneously  at 
temperatures  between  20K 
and  720K.  The  results  are 
displayed  in  Fig.  4.  For 
comparison  purposes,  the 
corresponding  results  for  the  target  material  are  shown  in  the  inserts. 

Discussion 

In  comparing  the  transport  properties  of  the  films  with  those  of  the  target,  it  is 
apparent  that  the  films  are  extrinsically  doped.  This  could  be  due  to  impurities  or  to 
defects  generated  during  the  deposition  process.  The  target  material  itself  exhibits  a 
remarkably  low  carrier  density  of  1,2x10'^  cm'®.  Dopants  in  the  target  material  which 
may  have  segregated  to  grain  boundaries  during  the  sintering  process  would  not 
necessarily  contribute  to  electrical  conduction,  and  may  thus  be  "invisible”  in  our 
measurements  on  the  target  material.  In  the  process  of  PLD,  however,  such 
impurities  would  necessarily  become  evenly  spread  throughout  the  film  without 
having  the  opportunity  to  segregate  to  grain  boundaries,  thus  becoming  electrically 
active.  However,  it  seems  unlikely  that  the  very  large  difference  in  carrier 
concentrations  between  the  target  and  the  films  can  be  explained  solely  by  this 
phenomenon. 

In  bulk  samples,  Sb  deficiency  (one  of  the  more  likely  defects  in  the  films) 
generally  results  in  n-type  conductivity.  Hall  measurements  on  the  films  indicate  p- 
type  conductivity,  but  the  change  of  sign  in  the  Seebeck  coefficient  indicates  that  the 
material  is  doped  extrinsically  both  with  electrons  and  holes,  making  Hall  data  difficult 
to  interpret. 
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Figure  3:  X-ray  diffraction  patterns  (0-20  scans)  for 
100  nm  thick  CoSbj  films  deposited  in  argon,  vacuum,  and  a 
4%  H2/96%  Ar  mixture.  All  films  were  grown  at  400"C  on 
(OOI)-oriented  Ti02  substrates.  The  curves  are  normalized 
with  respect  to  the  strongest  film  reflection.  The  diffraction 
pattern  of  the  target  material  is  shown  for  comparison 
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The  increase  in  the  resistivity  below  room  temperature  appears  to  be  due  to  the 
freeze-out  of  extrinsic  carriers,  since  the  mobility  also  increases  below  300  K.  Above 
600  K,  the  resistivity  drops  again,  which  can  be  attributed  to  the  onset  of  intrinsic 
conduction. 


Summary  and  Outlook 


T(K) 


T(K) 


Figure  4:  a)  The  Seebeck  coefficient  of  a  100  nm  thick  CoSbj  film 
grown  in  argon  on  (OOI)-oriented  Ti02  as  a  function  of  temperature. 
The  data  below  room  temperature  was  measured  first.  The  insert 
shows  the  data  for  the  target  material, 
b)  Resistivity  data  obtained  simultaneously  with  the  Seebeck 
coefficient  of  Fig.  4  a.  The  insert  shows  the  data  obtained  for  the 
target  material. 


We  have  shown  that 
highly  textured,  single¬ 
phase  films  of  CoSbs 
can  be  grown  by  PLD. 
The  film’s  properties 
differ  from  the  bulk 
values  mainly  in  the 
larger  carrier 
concentration  and, 
consequently,  the 
lower  electrical 
resistivity. 

Reduction  of  the  carrier 
concentration  would 
require  a  better  control 
of  the  stoichiometry. 
This  could  be 
achieved,  for  example, 
by  the  use  of  slightly 
off-stoichiometric 
targets  to  compensate 
for  any  Sb-loss. 
Alternatively,  charge 
compensation  by 
intentional  doping  may 
also  be  considered. 
Despite  the  close 
lattice  match  between 
the  CoSba  and  the  Ti02 
substrate,  no  epitaxy  is 
obtained,  most  likely 
due  to  the  different  type 
of  chemical  bonding 
within  the  substrate 
and  within  the  film 
material.  Potential 
ways  to  obtain  epitaxial 
films  include  grapho- 
epitaxy  (utilizing 
features  such  as 
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atomic  steps  in  the  substrate  surface  to  provide  a  preferred  growth  direction)  or  ion- 
beam  assisted  growth  (selective  removal  of  grains  with  a  certain  orientation  by  ion- 
beam  sputtering). 

In  addition,  incorporation  of  “rattler”  dopants  should  be  possible  by  ablating 
from  a  doped  target  (not  necessarily  single-phase,  i.e.  the  dopant  may  have 
segregated  to  grain  boundaries)  or  using  a  secondary  source  during  growth,  such  as 
an  ion  beam  or  a  background  gas.  Alternatively,  thin  films  should  lend  themselves 
well  to  post-growth  incorporation  of  dopants  by  diffusion  or  ion-beam  implantation. 
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ABSTRACT 

A  review  is  presented  of  the  thermoelectric  properties  of  rare  earth  com¬ 
pounds.  A  discussion  is  presented  of  the  prospects  for  future  improvements 
in  the  figure  of  merit. 

INTRODUCTION 

Metals  are  generally  unsuitable  for  thermoelectrics  because  the  figure  of  merit 
is  low.  The  Seebeck  coefficient  (S)  is  low  and  the  thermal  conductivity  {K) 
is  high.  Thus  the  value  of  Z  =  aS'^/K  is  small,  where  a  is  the  electrical 
conductivity.  An  exception  to  this  general  behavior  is  in  mixed  valent  com¬ 
pounds,  where  the  Seebeck  coefficient  can  be  relatively  large[l-7].  The  phrase 
”  mixed  valent”  applies  to  compounds  where  one  of  the  ions  has  two  possible 
valence  states  of  similar  energy.  This  local  ion  has  a  valence  which  fluctuates 
in  time.  These  fluctuations  cause  a  peak  in  the  electronic  density  of  states 
near  to  the  chemical  potential,  which  is  the  origin  of  the  large  value  of  the 
Seebeck  coefficient  [8- 11]. 

So  far  the  metals  with  the  largest  value  of  S  have  been  in  compounds 
which  contain  either  cerium  (Ce)  or  ytterbium  (Yb).  In  Ce  the  4/  state  fluc¬ 
tuates  between  zero  and  one  electron.  In  Yb  the  4/  hole  fluctuates  between 
zero  and  one.  We  will  review  the  properties  of  these  compounds.  The  best  Ce 
compounds  so  far  is  CePds  in  which  the  Seebeck  coefficient  reaches  values 
of[l,4-6]  80-120  ^V/K:  the  value  is  sensitive  to  stoichiometry.  The  best  Yb 
compounds  are  YbPd  (with  S  =  lOS/itV/K  at  250  K[7])  and  YbAls  (with 
S  =  90/rV/K  at  200K[2]). 

Many  theoretical  papers  have  calculated  the  properties  of  Ce  and  Yb 
compounds[9-ll].  They  generally  predict  that  the  Seebeck  coefficient  has  a 
peak  value  of  around  lOO/rV/K.  This  value  is  in  good  agreement  with  the 
highest  experimental  values  for  these  compounds.  No  one  has  yet  calculated 
the  theoretical  value  for  mixed  valent  compounds  with  more  than  one  4/ 
electron  or  hole:  the  case  where  the  state  (4/)"  varies  between  n  =  L  and 
n  —  L  ±  1.  The  theoretical  maximum  Seebeck  coefficient  for  these  cases  is 
not  yet  known. 

In  metals  the  Seebeck  coefficient  is  the  important  factor  in  the  figure 
of  merit.  The  electronic  part  of  the  thermal  conductivity  is  usually  given 
accurately  by  the  Wiedemann-Pranz  Law[12] 
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where  ks  is  Boltzmann’s  constant  and  e  is  the  charge  of  the  electron.  Both 
theory[13]  and  expcrimcnt[14]  suggest  that  the  Wiedemann-Pranz  Law  re¬ 
mains  valid  in  a  mixed  valent  metal.  The  total  thermal  conductivity  K  = 
Kl  +  Kc  is  the  sum  of  the  lattice  part  (Kj)  and  the  electronic  part.  For 
metals  the  electronic  part  is  usually  much  larger  than  the  lattice  part.  In 
this  case,  a  very  simple  expression  is  obtained  for  the  dimensionless  figure  of 
merit 


ZT  = 

(2) 

Kc  +  Kf^ 

K, 

ZT  ^ 

i^S 

(3) 

5„  = 

^  =  156/, V/K 

(4) 

The  factors  of  aT  cancel  in  numerator  and  denominator,  and  the  value  for 
ZT  depends  only  upon  the  Seehcck  coefficient.  Vahies  of  ZT  >  1  require 
that  S  >  156/1  V/K.  This  value  has  not  yet  been  achieved  in  mixed  valent 
compounds.  As  noted  abov(\  the  largest  value  of  5  so  far  is  around  120  p 
V/K.  Both  theory  and  experiment  suggest  that  Ce  and  Yb  compounds  have 
a  maximum  value  for  S  of  about  100  //.V/K. 

Increasing  the  Secbeck  coefficient  in  mixed  valent  compounds  seems  to 
require  that  one  consider  rare  earth  compounds  composed  of  atoms  other 
than  Ce  or  Yb.  There  are  several  problems  with  this  approach:  (1)  Few  mixed 
valent  compounds,  of  rare-earths,  have  been  found  for  atoms  other  than  Ce 
or  Yb,  (2)  The  ones  that  exi.st  have  Secbeck  coefficients  smaller  than  100 
pV/K,  and  (3)  There  is  no  theory  which  sugge.sts  that  higher  values  of  5  can 
be  achieved.  Nevertheless,  we  believe  research  should  be  done  to  find  mixed- 
valent  materials  in  compounds  with  (4/)"  and  13  >  n  >  1.  We  are  presently 
calculating  the  Secbeck  coeficient  for  this  case.  These  materials  generally 
have  large  values  of  the  power  factor  (aS^)  at  room  temperatures  and  below. 
They  seem  to  be  the  best  pros[>ect  for  new  thermoelectric  materials  which 
operate  below  room  temiieratures. 

ANDERSON  MODEL 

Theoretical  work  on  these  com])ounds  have  mostly  employed  a  Hamiltonian 
suggested  originally  by  P.W.  Anderson.  It  is  for  a  single  atom  with  local 
(4/)"  states  in  a  metal  with  conduction  states  labeled  by  e^-.  We  generally 
neglect  cooperative  effects  between  different  rare  earth  atoms.  The  Anderson 
model  Hamiltonian  is  [8] 


H 

=  Ho +  V 

(5) 

Ho 

=  Jl  EkClCk  +  £/  n,.  + 

k  M  i'>ii 

(6) 

=  flu 

(7) 

V 

=  ^E^klclu  +  flCk] 

(8) 
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The  symbols  Ck,  fv  refer  to  the  lowering  operators  for  band  and  /-electrons. 
The  interaction  V  represents  the  hybridization  of  the  conduction  states  and 
the  local  electrons.  It  is  responsible  for  the  mixed  valent  behavior.  This 
Hamiltonian  is  inadequate  to  discuss  states  in  actual  metals.  It  ignores  things 
such  as  the  spin-orbit  interaction  which  causes  the  splitting  of  the  /-states. 
We  correct  this  deficiency  later. 

As  a  first  step,  consider  the  solutions  to  this  Hamiltonian  for  the  case  that 
y  =  0.  An  /-electron  has  a  degeneracy  of  Nf  =  14  including  both  orbital 
and  spin.  The  energy  of  a  state  (4/)"  is  f?„  and  the  partition  function  is 


En 


Z 


(9) 

(10) 


The  Green’s  function  is  calculated  using  the  formalism  for  nonzero  temper- 
ature[8].  The  imaginary  part  of  its  retarded  function  [ip  +  ir])  gives  the 
spectral  function  Af{Lj).  These  functions  are 


Gfiip) 


Af{u) 


-E  //dre‘>^<T,/^(r)/t(0)> 


Nf 


{N,-ny- 


^  q-0E„+i 


ip +  En-  E, 


'n+1 


N, 


[Nf  -  n)[e  +  e 


(11) 

(12) 


+  En  —  En+i) 


(13) 


This  series  appears  rather  complicated.  A  simple  result  is  obtained  if  we 
assume  that  the  lowest  eigenvalue  En  occurs  for  n  =  L.  Then  the  above 
series  has  just  two  terms  which  are  not  negligible 


Af[ui)  —  2iT{[Nf  —  L)S{w  +  El  —  Ei^i)  +  L6[uj  +  Ei-i  —  St)}  (14) 

The  spectral  function  has  just  two  peaks.  Prom  the  ground  state  L  the  system 
can  go  to  either  L  ±  1.  The  peak  at  w  =  St+i  —  Ei  occurs  at  positive  energy 
and  has  a  weighting  factor  of  [Nf  —  L).  The  peak  at  w  =  — (St-i  —  Ei) 
occurs  at  negative  energies  and  has  a  weight  of  L.  Mixed  valent  behavior 
is  obtained  whenever  Ei  —  Ei±\  is  a  small  energy  difference;  typically  less 
than  one  electron  volt.  The  eigenvalue  is  negative  while  U  is  positive.  The 
lowest  eigenvalue  En  occurs  at  n  =  L  when  —LU  <  Ej  <  —{L  —  1)17.  Mixed 
valent  behavior  ocurs  whenever  e/  equals  either  —LU  +  6  ot  —S  —  [L  —  1)17 
where  <5  is  a  small  energy  value. 
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Next,  consider  tlie  role  of  the  hybridization  interaction  V.  It  changes  the 
spectral  function  Af(uj)  in  several  important  ways.  First,  it  introduces  a  new 
energy  parameter  which  is  defined  as 

^  =  (15) 

For  rare-earths,  this  has  a  typical  value  of  A  =0.1  cV.  The  hybridization 
causes  Lorentzian  broadening  of  the  two  peaks  in  Af{u}).  The  lower  energy 
peak  is  broadened  by  {Nj  +  1  —  L)A  while  the  peak  at  positive  frequency  is 
broadened  by  (L  +  1)A.  Prom  the  point  of  view  of  the  Scebcck  coefficient, 
these  peaks  arc  quite  broad.  If  one  arranges  that  either  or  i?/.  — 

Ei-i  are  close  to  zero  energy,  and  calculates  the  Scebcck  coefficient,  the 
resulting  values  arc  not  very  largc[ll].  Havdng  the  mixed  valent  peaks  near 
to  zero  energy  docs  not  give  a  large  Scebcck  coefficient.  Note  that  most 
calculations  have  been  done  for  the  case  that  L  =  1. 

The  Hybridization  interaction  V  causes  another  important  feature  in  the 
spectral  function  Af{u!}.  A  third  peak  occurs  in  the  spectral  function.  It  has 
a  very  narrow  energy  width  iS  <<  A  so  that  it  appears  to  be  very  sharp.  The 
center  of  the  peak  is  quite  close  to  the  chemical  potential.  This  peak  is  called 
the  “Kondo  Resonance”,  It  is  this  third  peak  which  causes  the  high  value  of 
the  Secbeck  coefficient.  So  far  this  peak  has  only  been  calculated  for  the  case 
that  L  =  1.  Several  of  its  important  features  arc[9-ll]: 

1.  For  the  symmetric  case  that  Nf  =  2  and  =  £/,+  ]  the  peak  is  cen¬ 
tered  on  the  chemical  i)otential  and  is  perfectly  symmetric  in  frequency. 
In  this  case  the  Scebcck  cocficient  is  identically  zero. 

2.  For  the  case  that  Nj>2  the  center  of  the  peak  moves  slightly  away 
from  the  chemical  potential.  In  this  case  the  Secbeck  cocficient  is  nonzero. 

3.  The  maximum  value  of  S  is  obtained  with  the  maximum  value  of  A'/. 

4.  The  Kondo  re.sonance  is  very  temperature  dependent,  and  decrca.ses 
rapidly  with  increasing  temperature. 

How  the  spectral  function  Af{u))  is  used  in  the  calculation  of  S  and  a  is 
described  elsewhere [15], 


HUND’S  RULES 


The  above  theory  a.ssumed  that  the  degeneracy  of  the  state  with  n  /-electrons 
was  given  by  the  binomial  coefficient  f  V  The  actual  degeneracy  is  far 


less,  because  of  Coulomb  and  spin-orbit  interactions.  The  state  with  one  /- 
electron  or  hole  is  divided  in  two  by  the  spin-orbit  interaction.  The  state 
with  two  /-electrons  ha.s  thirteen  different  energy  levels[16-17j.  Usually  only 
the  ground  state  is  important,  and  only  the  ground  state  contributes  to  the 
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Kondo  resonance.  Of  course,  the  ground  state  configuration  is  given  according 
to  Hund’s  Rules.  We  reproduce  the  well-known  table  for  the  lanthanides. 
Each  state  with  n/-electrons  now  is  divided  into  sublevels  denoted  by  The 
magnetic  quantum  number  is  mi,  degeneracy  is  {2Ji  +  1),  and  energy  is  Eni- 


3-h 

nf 

S 

L 

J 

23+\ 

Ce 

1 

1/2 

3 

5/2 

6 

Pr 

2 

1 

5 

4 

9 

Nd 

3 

3/2 

6 

9/2 

10 

Pm 

4 

2 

6 

4 

9 

Sm 

5 

5/2 

5 

5/2 

6 

Eu 

6 

3 

3 

0 

0 

Gd 

7 

7/2 

0 

7/2 

8 

Tb 

8 

3 

3 

6 

13 

Dy 

9 

5/2 

5 

15/2 

16 

Ho 

10 

2 

6 

8 

17 

Er 

11 

3/2 

6 

15/2 

16 

Tm 

12 

1 

5 

6 

13 

Yb 

13 

1/2 

3 

7/2 

8 

Table  1:  Ground  state  degeneracy  (2J-t-l)  for  3-t-  rare  earths  according  to 
Hund’s  Rules 


We  mentioned  earlier  that  the  Seebeck  coeficient  increased  with  the  value 
oiNf  for  the  case  that  L  =  1.  This  has  been  interpreted  as  having  the  Seebeck 
coefficient  increase  with  the  value  of  the  degeneracy  of  the  ground  state.  If 
this  interpretation  is  correct,  then  larger  values  of  the  Seebeck  coefficient  are 
obtained  when  the  ground  state  has  the  largest  value  of  (2J  +  1).  According 
to  the  table,  this  value  can  be  as  large  as  17  for  Ho®'*'.  This  is  the  argument  for 
having  larger  Seebeck  coefficients  for  mixed  valent  materials  with  1  <  L  <  13. 

We  discuss  the  theory  for  the  case  that  the  hybridization  V  is  zero.  The 
partition  function  is 

+  (16) 

n=0  t 

In  order  to  define  the  Green’s  function  and  spectral  function  we  need  to 
define  the  matrix  element  Wy,{nl.,  me;  n  -f- 1,  mi') 

Wu{n£,me;n +  !,£', me’)  =  <n+l,£',me’\fl\n£,me>  (17) 

Gfiip)  =  i  H 

^  n/i  imt  Vm^, 
p-P^nt  _1_  p-P^n+l,t' 

X  (18) 

ip  +  bi-ni  — 
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We  assume  that  for  n  =  L  the  lowest  state  {(  =  0)  is  occupied  and  then  we 
find  for  the  spectral  fiinction 

Af{uj)  =  2it  ^2  L  +  l,t +  E[^q  —  Ei+i  i') 

Cm,, II 

+  W„{L-lJ',m(,-,LQQfS{Lj+E!^.i,r-E,^„)}  (19) 

Now  the  spectral  function  has  a  series  of  many  peaks.  The  ground  state  (  =  0 
for  L  electrons  can  go  to  neighboring  states  (L+  l.t)  or  {L  —  TT).  Mixed 
valent  beha.vior  is  found  whenever  cither  —  E/,+i  o  or  E/^o  —  Ei_i  a  have  a 
small  value  in  energy.  Such  eases  will  obviously  have  a  Kondo  resonance.  Its 
magnitude  is  yet  unknown.  The  properties  arc  not  known  for  the  case  that 
L  7^  1  and  the  hybridization  V  0. 

CONCLUSIONS 

We  have  outlined  the  featiires  which  make  rare-earth  compounds  attractiv'e 
thermoelectric  materials.  Not  all  cotnpotmds  have  high  Seebeck  coefficients. 
Only  those  which  show  mixed  valent  behavior  have  high  values  of  S.  So  far 
the  best  ones  have  cither  cerium  or  ytterbium  as  the  rare  earth  element.  More 
compounds  (4/)”  need  to  be  found  which  have  mixed  valent  behavior  with 
13  >  n  >  1.  They  have  the  po,s,sibility  of  having  larger  values  of  the  figure  of 
merit. 
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OPTIMIZATION  OF  MATERIALS  FOR  THERMOMAGNETIC  COOLING 
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ABSTRACT 

We  review  thermoelectric  transport  in  a  magnetic  field.  The  key  physical  effect  for  thermomagnetic 
cooling  is  the  Ettingshausen  effect.  We  describe  the  design  principles,  measurement  difficulties  and 
areas  where  more  work  can  prove  fhiitfiil  in  an  exploration  of  cryogenic  refrigeration  based  on  this 
effect.  New  principles  are  discussed  to  guide  the  search  for  new  materials  and  their  development. 

INTRODUCTION 

Our  intent  in  this  paper  is  to  provide  a  basic  review  of  thermomagnetic  cooling,  and  to 
indicate  new  directions  for  the  development  of  materials  in  this  old  and  extensively  studied  area  of 
electronic  transport  in  solids.  The  basic  physical  effects  required  for  an  understanding  are  the  Peltier 
effect,  the  process  in  zero  magnetic  field  that  is  used  by  all  modem  thermoelectric  coolers,  and  the 
Ettingshausen  effect,  a  somewhat  obscure  but  powerful  refngeration  process  that,  combined  with  the 
Peltier  effect,  completes  the  description  of  heat  transport  by  charge  carriers  in  solids.  Because  of  the 
extensive  literature  on  these  processes,  the  review  here  will  be  brief— the  major  emphasis  will  be  to 
sketch  carefully  that  which  is  new  or  previously  overlooked.  We  begin  with  an  historical  perspective 
outlining  briefly  why  there  is  some  motivation  to  revisit  this  old  problem. 

Because  the  Bid.^jSbj  system  has  especially  light  charge  carriers,  these  alloys  have  been  the 
mainstay  for  use  in  thermomagnetic  refngerators.  Early  studies  of  the  unusual  electrical  properties 
of  single  crystalline  Bi(i.,)Sbx  were  performed  by  Jain  [1],  and  inspired  by  the  large  magneto¬ 
thermoelectric  figure  of  merit  data  (we  shall  discuss  in  some  detail  the  figure  of  merit  below)  of  Smith 
[2]  and  of  Cuff,  et  al.[3],  Bi(,.,;)Sb,  became  the  key  thermomagnetic  material.  The  orientation  of  the 
applied  magnetic  field  with  respect  to  crystal  axes  played  an  important  role  in  optimizing  Biji.^jSb^ 
alloys  because  the  behavior  of  the  thermopower  in  a  transverse  magnetic  field  is  very  different  for 
different  orientations  [4,5].  However,  little  has  been  published  before  this  work  to  rationalize 
physically  this  fact  in  terms  of  a  microscopic  picture.  Goldsmid  has  attempted  to  justify  a  preferred 
magnetic  field  orientation  based  on  purely  phenomenological  predictions  for  the  infinite-field 
thermomagnetic  figure  of  merit  [6]  as  derived  fl-om  experimentally  determined  physical  parameters 
for  single  crystal  Bi.  This  orientation  has  become  the  orientation  used  in  almost  every  measurement 
since.  However  the  apparent  lack  of  understanding  of  the  relationship  between  the  band  structure  of 
Bi  and  its  alloys  with  Sb,  and  the  physics  of  thermoelectric  and  thermomagnetic  effects  leaves  an 
interesting  approach  open,  to  be  described  below,  that  may  provide  substantially  improved  materials 
for  Ettingshausen  cooling. 

REVIEW  OF  THERMOELECTRIC  TRANSPORT 

The  root  of  all  thermoelectric  effects  is  the  small  variation  of  the  energy  and  momentum 
distribution  of  charge  carriers  caused  by  temperature  gradients.  Such  variations  produce,  among  other 
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things,  a  non-zero  electric  field  inside  electrical  conductors-the  Seebeck  efFect-and  it  is  the  coupling 
between  this  electric  field  and  electric  current  J  that  provides  thermoelectric  power  generation  or 
refrigeration  (the  Peltier  effect).  The  size  of  the  effect  is  dependent  on  the  energy  scales  and 
temperature  of  the  solid.  In  a  degenerate  metal,  where  only  a  few  charge  carriers  near  the  Fermi 
energy  Ef  are  out  of  their  ground  state  (for  Cu,  is  of  order  30,000K),  the  effects  are  small  In 
semiconductors  and  semimetals  where  only  a  few  charge  carriers  are  present  (Bi  has  10*  fewer  charge 
carriers  than  Cu,  and  e/k^  is  -lOOOK)  and  very  few  in  the  ground  state,  the  effects  are  large. 

All  thermoelectric  devices,  meaning  systems  composed  of  materials  in  which  thermoelectric 
effects  are  of  sufficient  strength  to  be  of  practical  importance,  employ  charge  carriers  (quasiparticles) 
of  both  negative  (e  or  electron-like)  and  positive  (h  or  hole-like)  charge.  Of  course,  there  are  really 
only  electrons,  but  holes  in  the  electronic  distribution  act  just  like  real  particles  with  positive  charge- 
that  is  they  move  in  a  direction  opposite  to  electrons  in  an  electric  field  It  is  this  “reverse”  motion 
that  enables  large  thermoelectric  effects  because  by  using  both  electrons  and  holes  in  a  device,  electric 
current  can  be  made  to  circulate,  while  “particle”  current  remains  unidirectional,  and  it  is  the  particle 
current  that  carries  heat. 

To  compute  the  performance  of  thermoelectric  devices,  we  begin  with  a  pair  of  simple 
definitions  valid  for  both  thermomagnetic  and  thermoelectric  systems: 
j  =  g[E-SVT) 

J^=aSTE-{aS^T+K)VT  (2) 


where  is  the  heat  flux,  J  is  the  electrical  current,  a  is  the  electrical  conductivity  tensor,  K  the 
thermal  conductivity  tensor,  E  the  electric  field,  S  the  thermopower  tensor  and  T  temperature.  The 
thermal  conductivity  has  two  important  components,  K^,  the  phonon  thermal  conductivity  and  K,  the 
electronic  thermal  conductivity.  The  third  equation  of  importance  to  a  phenomenological 
understanding  is 

V«J,-.£«J  =  0  (3) 

which  is  a  continuity  equation  for  a  time-independent  temperature  distribution  inside  a  device, 
expressing  the  necessity  for  a  balance  between  the  difference  between  energy  (heat)  flows  into  and 
out  of  a  small  volume  (first  term)  and  the  electrical  energy  consumed  in  that  volume  (second  term) 
For  a  one-dimensional  Peltier  system  where  j  is  necessarily  independent  of  position  and  using 
(l)-(3)  we  obtain 


Tj—-—K  —  -j-=0 

etc  dx  dx  a 

from  which  all  the  important  quantities  can  be  calculated  Note  first  that  the  second  derivative  of 
temperature  is  a  critical  piece,  meaning  that  no  matter  how  short  the  Peltier  device  is,  if  it  is  operating 
in  a  useful  region,  we  cannot  neglect  the  variation  of  the  temperature  gradient  Second,  in  the  usual 
treatments  [6]  the  first  term  is  neglected.  This  term  is  basically  the  Thomson  heat,  and  for  the 
cryogenic  refrigerators  our  work  is  focused  on  where  T  varies  substantially,  it  can  be  of  comparable 
size  to  the  other  terms  and  should  not  be  neglected.  For  example,  in  a  simple  metal,  S  is  proportional 
to  T  while  in  semiconductors  it  can  vary  between  A/(eT)  at  low  temperatures  (where  A  is  the 
semiconducting  gap  and  e  is  the  electronic  charge)  to  a  constant  at  high  temperatures.  The  usual 
treatment  is,  however,  to  neglect  these  variations,  as  well  as  the  temperature  dependences  of  all  the 
other  material  properties.  This  has  the  seductive  effect  of  making  (5)  integrable  so  that  closed-form 
solutions  can  be  obtained.  These  solutions  are  somewhat  unphysical  even  in  an  attempt  to  obtain  a 
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feel  for  the  problem  because  KJ(csT)  is  typically  independent  of  temperature  for  most  high-carrier- 
density  systems  (this  is  the  Wiedemann-Franz  law-see  below),  and  in  many  materials  used  for  Peltier 
coolers,  the  electronic  thermal  conductivity  dominates,  making  the  Wiedemann-Franz  law 
applicable.  Thus  and  a  cannot  be  reasonably  taken  as  independent  of  temperature  in  an  attempt 
to  obtain  a  simple  differential  equation  because  such  an  approximation  changes  the  form  of  the 
equation.  Some  numerical  studies  have  shown  that  such  approximations  produce  errors  in  calculated 
performance  of  order  10%  [6]  for  coolers  operating  near  room  temperature.  When  one  considers  that 
in  the  last  30  years,  improvements  in  thermoelectric  materials  have  been  of  order  10%,  such  an  error 
is  unacceptable.  For  cryogenic  refrigeration,  where  T  may  vary  by  a  factor  of  two,  the  errors  are 
certain  to  be  much  worse. 

Nevertheless,  the  usual  approach  is  to  integrate  (5),  apply  appropriate  boundary  conditions 
and  then  find  the  minimum  temperature  assuming  all  transport  properties  are  constant  which  gives 

T  -  T  = 

■*c0 


where  is  the  minimum  possible  temperature.  Also  from  the  same  solution,  if  is  close  to  (and 
greater  than  the  minimum  temperature),  the  best  coefficient  of  performance  (COP)  is  less  than  'A  for 
maximum  heat  pumped. 

It  is  seen  that  everything  depends  more  or  less  on  the  dimensionless  (and  strongly  temperature 
dependent)  quantity,  aS^T/K,  historically  called  ZT,  a  particularly  unhelpful  appellation.  Much  more 
revealing  is  to  note  that  K/af  has  units  of  thermopower  squared  (pV/K)^  so  that  a  critical 
thermopower  Sq  can  be  defined  such  that 


which  expresses  a  value  for  the  thermopower  that  must  be  achieved  for  any  reasonable  thermoelectric 
material.  If  the  material  were  such  that  the  phonon  thermal  conductivity  could  be  neglected,  the 
quantity  inside  the  square  root  is  the  Lorenz  number  Z.=(155pV/K)^  a  constant  that  comes  from  the 
Wiedemann-Franz  law,  a  very  general  relationship  between  the  electronic  thermal  conductivity  and 
the  electrical  conductivity  [7].  Thus  any  material  with  a  thermopower  less  than  about  155pV/K  is  not 
going  to  be  a  good  candidate  for  a  Peltier  refrigerator,  especially  if  is  not  negligible,  ^o,  computed 
from  measured  properties,  is  then  a  simple-to-measure  break  point  for  material  searches. 


ETTINGSHAUSEN  COOLERS 


We  are,  however,  not  working  on  Peltier  coolers,  but  on  the  more  complex  Ettingshausen 
cooler.  The  complexities  come  in  because  the  material  properties  must  be  treated  as  tensors  and  the 
analysis  is  more  difficult.  In  figure  1  we  show  a  schematic  of  what  the  charge  carriers  must  do. 
Referring  to  figure  1  it  can  be  seen  that  the  idea  is  to  use  a  single  material  in  which  both  electrons  and 
holes  are  present.  An  electric  field  in  they-direction  makes  the  holes  travel  roughly  downward  and 
the  electrons  roughly  upward.  The  magnetic  field  B,  however,  deflects  both  carriers  to  the  positive 
x-direction,  and  it  is  this  effect  that,  exactly  analogous  to  Peltier  cooler,  pumps  heat.  Notice  that  just 
as  in  a  Peltier  cooler,  the  x-component  of  electric  current  carried  by  holes  is  opposite  in  direction  to 
that  carried  by  electrons  but  there  is  a  net  flow  of  particles  toward  the  hot  end. 

To  get  a  feel  for  Ettingshausen  cooling,  let’s  proceed  under  the  assumption  that  we  have 
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Figure  1.  Shown  is  an  Ettingshausen  refrigerator.  The  angles  will  be  discussed  below. 


electrons  and  holes  with  the  same  masses,  numbers,  and  with  the  same  mean  free  path-that  is,  perfect 
e-h  symmetry  (this  will  be  justified  below).  Equations  (l)-(3)  are  still  valid  except  that  there  is  no 
ordinary  thermopower  and  no  Hall  effect.  This  is  expressed  as  follows 


(8) 


where  aj,  ■  are  the  non-zero  components  of  the  resistivity  and  thermopower  tensors.  We  shall 
assume  A'  to  be  a  scalar.  Noting  that  j,=E^=dT/dy=0,  we  can  obtain  two  more  equations 


'^12 


and 


(9) 


except  that  the  current  jy  is  not  independent  of  position,  while  is.  Thus  (9)  is  not  of  the  same  form 
as  (5),  as  is  occasionally  stated  [6].  Another  key  point  is  that  now  a^^S,2^T/K  cannot  exceed  unity 
because  if  it  did,  heat  would  flow  from  cold  to  hot  with  no  energy  input  to  the  system.  This 
thermodynamic  boundary  of  unity  on  a  set  of  parameters  not  obviously  constrained  by  physics  is 
another  key  difference  between  the  two  refrigeration  processes.  The  resulting  differential  equation 
for  an  Ettingshausen  refrigerator,  and  its  solution  are 


“  ^  dx  ^dx 


'dx 


(10) 


where  we  dropped  all  terms  arising  from  departures  from  e-h  symmetry. 

Unlike  the  Peltier  case,  the  use  of  a  temperature-independent  thermal  conductivity  is  a  little 
better  justified  because  the  magnetic  field  greatly  reduces  the  electronic  thermal  conductivity  which 
is  usually  proportional  to  temperature,  leaving  only  the  phonon  term.  However,  approximations  to 
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the  temperature  dependence  of  the  transport  properties,  just  as  in  the  Peltier  case,  are  dangerous  as 
they  change  the  form  of  the  resulting  solutions  in  as  yet  unexplored  ways. 

Because  E  and  j  are  perpendicular  to  the  heat  flows,  two  or  more  Ettingshausen  coolers  (EC) 
in  series  can  make  electrical  contact  between  the  hot  end  of  the  smaller  stage  and  the  cold  end  of  the 
larger  stage,  making  it  possible  to  produce  a  sequence  of  staged  coolers  simply  by  machining  the 
correct  shape  from  the  bar  of  single  material.  Therefore,  in  a  properly  engineered  EC,  there  is  no 
obvious  minimum  temperature,  T  varies  strongly  with  length,  and  a  set  of  formulae  like  those  for  the 
Peltier  cooler  is  not  very  useful.  Nevertheless,  it  is  interesting  to  note  that  (10)  can  be  solved  for  the 
minimum  temperature  if  materials  properties  are  independent  of  temperature  and  the  material  is 
shaped  as  a  rectangular  bar.  The  solutions  are 


T  T 

-^  =  1 - ^  where 

2r„ 


(11) 


OjlOjj  I 

Because  of  the  form  of  (1 1)  one  must  be  very  cautious  about  defining  a  figure  of  merit,  but  using  Tq 
as  a  parameter  is  at  least  simple.  However,  for  the  rectangular  Ettingshausen  cooler  with  uniform 
electric  field  and  temperature  independent  transport  properties,  the  minimum  value  of  T^/Tfi  =1/2 
when  Ti,=Ti,[9]  (the  limit  imposed  by  the  second  law  of  thermodynamics).  At  present  there  is  no 
microscopic  argument  for  this  limit.  However,  if  no  approximations  about  temperature  dependence 
are  made,  it  is  only  important  that  everywhere  T^T 
a  much  less  restrictive  limit. 

As  is  obvious,  no  really  simple  direct  comparison  can  be  made  because  the  Peltier  figure  of 
merit  can  be  unbounded  while  the  Ettingshausen  equations  apply  only  to  an  unrealistically  simple 
geometry.  Furthermore,  the  equations  are  fundamentally  different,  even  though  some  authors  attempt 
to  map  the  EC  problem  onto  the  Peltier  problem  by  using  different  definitions  for  K  and  a  [6].  Such 
attempts  are  no  help  to  the  materials  scientist  who  is  interested  only  in  how  well  the  refrigerator  can 
be  made  to  work.  The  best  approach  to  evaluating  an  EC  material  is  to  use  measured  values  of  the 


hot  Side  view 


Figure  2.  Shown  is  a  front  and  side  view  of  an  Ettingshausen  cooler.  Dotted  lines  are  the  electric  field, 
dashed  are  the  magnetic  field.  It  is  clear  that  this  is  a  very  complex,  fully  3  dimensional  optimization 
problem  and  that,  judging  from  previous  work,  a  well-thought-out  numerical  solution  could  produce 
very  substantially  improved  performance. 
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conductivity  tensor,  the  thermopower  tensor  and  the  thermal  conductivity,  and  the  complete  version 
of  (10)  to  optimize  the  shape  and  driving  electric  and  magnetic  fields  To  see  how  complex  this 
problem  is,  we  show  in  figure  2  a  schematic  of  the  general  problem.  As  can  be  seen,  electrical  leads 
are  attached  at  the  hot  end  only,  using  the  shape  of  the  material  and  temperature  dependences  of  the 
transport  properties  to  allow  current  to  flow  in  a  fully  three-dimensional  manner,  thereby  mitigating 
some  of  the  end  effects  and  thermal  conduction  of  electrical  contacts.  Note  also  that  the  pole  pieces 
for  the  permanent  magnets  can  be  shaped  to  optimize  performance.  A  simple  symmetry  argument 
shows  that  the  leading  term  in  the  field  dependence  of  5',2  is  B.  Work  by  Horst  et  al.  [10]  show  that 
at  large  fields,  5,2  drops  rapidly  with  B,  and  a  first  pass  at  a  simple  microscopic  calculation  by  us  [  1 1  ] 
confirms  this.  Thus  there  is  a  best  magnetic  field  at  a  given  temperature.  Hence  a  varying  field  is 
important. 

Finally  we  point  out  that  the  exponential  shape  reported  as  optimum  by  other  authors  [12] 
is  based  on  unrealistic  temperature  dependences  and,  as  with  other  refngeration  processes,  small 
errors  in  the  analysis  of  entropy  production  at  the  cold  end  of  a  cryogenic  refrigerator  can  have 
drastic  consequences  at  the  hot  end.  For  example,  with  a  cold  end  1/13  the  width  of  the  hot  end,  an 
exponential  shape  produced  a  50%  greater  temperature  drop  than  a  rectangular  one.  Neither  was 
optimal  [13],  Thus  optimization  of  geometry  without  a  full  numerical  approach  is  likely  to  introduce 
substantial  inefficiencies.  It  is  our  belief  that  a  proper  numerical  simulation  of  an  EC  based  on 
measured  material  properties  has  never  been  done  as  well  as  it  is  possible  to  do,  that  the  simple 
computations  are  seriously  flawed  and  that  the  real  potential  of  EC’s  has  not  yet  been  realized  [8]. 

OPTIMIZATION  OF  MATERIALS 

In  order  to  proceed  with  the  development  of  new  materials  for  an  Ettingshausen  cooler,  one 
is  faced  with  an  enormous  task  because  the  temperature  and  magnetic  field  dependence  of  the  key 
physical  parameters  must  be  known.  The  addition  of  the  magnetic  field  variable  utterly  destroys  any 
reasonable  chance  of  success  based  on  unfocussed  searches  Theoretical  guidance  is  crucial,  and 
developing  such  guidance  has  been  of  central  importance  to  our  research  program.  Even  without  a 
complete  solution  to  (10),  there  are  very  good  ways  to  attack  the  material  development  problem 
based  on  a)  the  search  for  e-h  symmetry,  b)  the  need  to  minimize  the  effective  mass,  and  c)  the  need 
to  minimize  quantum  effects  in  a  magnetic  field.  We  discuss  here  some  viable  approaches  to  these 
problems. 

In  what  follows,  we  shall  consider  systems  with  several  parabolic  bands  in  which  the  energy 
E  of  the  electron  or  hole  is  where  p  is  the  momentum  and  is  the  effective  mass  of  the 

carrier,  as  well  as  systems  for  which  this  is  not  true.  A  parabolic  band  makes  charge  carriers  have  the 
same  relationship  between  energy  and  momentum  as  a  free  particle. 

Band  structure,  e-h  symmetry  and  effective  mass 

It  is  clear  that  one  quality  of  importance  is  to  maximize  the  total  number  of  particles  moving 
toward  the  hot  end.  If  the  number  and  velocity  component  of  electrons  did  not  equal  the  same 
quantity  for  holes  in  the  direction  of  heat  flow,  then  very  quickly,  charge  would  pile  up  at  the  hot  and 
cold  ends,  creating  a  voltage  (the  Hall  voltage)  that  would  reduce  (or  stop  if  only  one  carrier  were 
present)  the  flow  of  the  majority  carriers,  degrading  refrigeration  Therefore,  the  ideal  Ettingshausen 
material  must  have  equal  numbers  of  electrons  and  holes  with  equal  mobility.  This  is  called  ‘e-h 


236 


symmetry’.  Such  a  system  has  zero  thermopower  and  would  produce  no  temperature  drop  if  used  in 
i  Peltier  cooler. 

In  addition  to  e-h  symmetry,  because  we  are  looking  to  pump  heat,  and  because  the 
Ettingshausen  effect  is  present  only  in  a  magnetic  field,  it  is  clear  that  materials  whose  transport 
properties  are  strongly  affected  by  magnetic  fields  are  required.  For  any  practical  device,  a  strong 
magnetic  field  must  be  of  order  IT,  a  field  achievable  with  modem  permanent  magnets.  For  this  to 
be  tme,  the  effective  mass  of  the  carriers  must  be  low  and  the  mean  fi-ee  path  must  be  large.  This  is 
because  the  angles  in  figure  1  between  the  applied  electric  field  and  the  direction  the  carriers  move 
under  conditions  where  there  is  no  Hall  voltage  is  0j=tan'(coT)i  where  (s>=qBI{m^c)  is  the  cyclotron 
frequency,  c  is  the  speed  of  light,  m*  the  effective  mass  of  the  carrier,  q  its  charge,  x  the  mean  time 
between  collisions  and  i  refers  to  either  electrons  or  holes.  For  example,  in  a  typical  metal  (like  Cu) 
at  300K  with  an  effective  mass  of  about  one  electron  mass,  0^  is  of  order  O.SxlO"*  at  B=1T,  while  for 
Bi  at  4K  with  some  carriers  having  a  mass  of  order  10’’  electron  masses  Oj  is  of  order  unity  at  the 
same  magnetic  field.  Thus  a  low  effective  mass  is  critical.  Therefore  one  key  guide  for  materials 
searches  is  the  electronic  band  structure  because  the  band  structure  tells  us  the  number,  mass  and  type 
of  charge  carriers  that  will  participate  in  the  important  physical  processes. 

The  electron  band,  a  parabola  (or  maybe  a  different  shape)  facing  up  and  the  hole  band,  a 
parabola  facing  down,  can  overlap  (the  top  of  the  hole  parabola,  or  hole  band  edge,  is  above  the 
bottom  of  the  electron  parabola  or  electron  band  edge)  or  not.  If  the  bands  overlap  at  the  Fermi 
energy  Ef  the  material  is  a  semi-metal.  If  they  do  not  overlap,  the  material  is  a  semiconductor  (figure 


Figure  3.  Shown  is  a  schematic  of  the  band  structure  of  a  hypothetical  3-band  semi-metal  somewhat 
like  Bi.  The  horizontal  lines  are  the  Fermi  energies.  At  any  particular  temperature,  the  two  bands 
closest  to  the  Fermi  energy  dominate,  so  the  system  can  change  its  character  completely,  depending 
on  the  position  of  the  Fermi  energy  and  on  temperature.  On  the  left  is  a  semi-metal  with  a  heavy  hole 
and  a  light  electron  crossing  the  Fermi  energy  and  producing  a  non-electron-hole-symmetric  system, 
in  the  center  is  a  semiconductor  with  a  heavier  hole  just  below  the  Fermi  energy  and  a  light  electron 
just  above  it,  making  its  properties  also  not  electron-hole  symmetric,  and  on  the  right  a  semiconductor 
with  nearly  perfect  electron-hole  symmetry  at  temperatures  low  enough  that  the  carriers  from  the 
heavier  hole  are  never  thermally  excited. 
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1).  In  both  cases,  Cf,  lies  between  the  band  edges,  its  exact  location  dependent  on  the  band  masses 
Hi  and  temperature.  The  number  of  electrons  available  for  conduction  is  the  total  number  below  Ej 
ind  for  holes  it  is  the  number  above  Ej.  In  a  semi-metal  like  Bi,  Ej  crosses  the  two  bands  at  a  level 
iUch  that  there  are  exactly  the  same  number  of  holes  as  electrons,  but  because  the  curvature  of  the 
)arabolas  (which  determines  the  effective  mass)  is  not  the  same,  the  masses  are  different,  and  so  are 
he  mobilities  (left,  figure  3),  and  therefore  e-h  symmetry  is  not  present,  leading  one  to  hope  for 
letter. 

It  is  clear  from  figure  3  that  it  is  very  difficult  to  get  e-h  symmetry  in  Bi  as  it  is.  However,  Bi 
s  a  low  symmetry  metal  so  that  in  certain  symmetry  directions  the  bands  can  cross  or  nearly  cross 
It  Ef.  This  is  illustrated  in  one  of  the  best  band  structure  calculations  for  Bi,  done  by  Liu  and  Allen 
13],  where  we  show  in  figure  4  the  very  unusual,  non-parabolic  near-  intersection  of  the  light 
;lectron  band  with  a  normally  unoccupied,  perfectly  symmetric  light  hole  If  this  light  hole  could  be 
occupied  equally  with  the  light  electron,  nearly  perfect  e-h  symmetry  would  result,  with  carrier  masses 
of  order  lO"*  that  of  an  electron  (because  of  the  shape  of  the  bands,  the  masses  vary  strongly  as  the 
3-h  symmetry  point  is  approached)  This  has  never  been  exploited,  even  though  it  is  well  known  that 
the  addition  of  Sb  to  Bi  moves  the  heavy  hole  (  the  hole  discussed  above,  which  is  normally  the  only 
hole  present)  down  and  out  of  the  way,  forming  a  semiconductor  above  4%-7%  Sb  (somewhat  like 
the  right  side  of  figure  3).  As  Sb  is  added  to  Bi,  the  heavy  hole  moves  away,  the  Sb  scatters  phonons 
well  (its  mass  is  very  different  from  Bi),  reducing  the  phonon  thermal  conductivity,  and  has  a 
minimum  effect  on  x  (it  does  nothing  to  the  electron  density),  keeping  the  Hall  angle  large.  However, 
as  the  hole  moves  down  and  out  of  the  way,  the  electron  pockets  shrink  to  zero.  This  might  seem  to 
be  a  problem,  and  it  would  be  if  the  cooler  were  operated  at  a  few  K,  but  at  1 OOK  or  so,  thermal 
excitations  produce  a  good  supply  of  e-h  pairs,  comparable  in  number  to  the  number  present  in  pure 
Bi  at  OK,  and,  of  course,  the  pairs  are  symmetric.  A  little  doping  (which  we  compute  from  the  band 
structure)  will  produce  a  system  in  which  the  very  light  electron  and  its  symmetric  hole  are  present 


Figure  4.  Shown  are  expanded  views  of  the  band  structure  of  Bi  near  the  heavy  hole  at  the  L-point 
and  the  light  electron/light  hole  at  the  T-point.  These  calculations  were  provided  by  R  E.  Allen  and 
are  the  same  values  used  in  a  recent  publication  [12], 
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in  equal  numbers.  An  excess  of  the  heavy  hole  is  also  present  but  has  little  effect  on  the  EC  because 
these  carriers  don’t  move  much.  It  is  just  the  right  balance  of  Sb  and  doping  that  our  present  work 
is  aimed  toward.  There  is  almost  no  systematic  study  of  this  region  of  the  concentration  space  [14] 
so  much  new  data  must  be  taken,  especially  in  orientations  not  usually  studied,  but  described  in  the 
next  section. 

Directions  for  B.  i  and  VT 

We  can  provide  a  proper  basis  for  the  historical  orientation  of  E,  E,  and  j  in  a  Bi-based  EC  cooler 
using  simple  arguments,  and  indicate  new  orientations  as  well.  In  figure  5  we  show  the  Fermi  surfaces 
of  Bi  in  the  first  Brillouin  zone,  which  is  why  the  ellipsoids  are  cut  in  half  This  set  of  surfaces  is  the 
intersection  of  Sj  with  the  dispersion  curves  of  the  electrons  and  holes.  Even  though  there  are  several 
electron  surfaces,  the  total  number  of  electrons  equals  the  number  of  holes.  Where  the  surfaces  are 
narrow,  the  dispersion  curves  have  a  lot  of  curvature  (for  non-parabolic  bands  the  mass  is  found  by 
fitting  a  parabola  tangent  to  the  dispersion  curve  at  the  Fermi  energy),  yielding  low  effective  masses. 
Remembering  that  one  goal  is  to  maximize  the  total  flux  of  heat-carrying  particles,  can  we  find  a  rule 
that  will  tell  us  what  directions  E,  E,  and  J  must  be  in?  If  all  the  surfaces  were  spherical,  then  any 
direction  is  as  good  as  another  because  the  masses  (inverse  of  the  curvature)  would  all  be  the  same. 
However,  in  a  low-symmetry  metal  like  the  rhombohedral  Bi,  the  electron  masses  vary  with  direction 
by  a  factor  of  30,  and  the  hole  masses  somewhat  less.  If  we  consider  what  happens  when  simple 
resistive  transport  occurs  we  find  that  for  one  of  the  carriers. 
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where  n  is  the  number  of  electrons  (or  holes),  e  the  charge  on  an  electron, 
is  the  mean  time  between  scattering  events,  m^  the  carrier  mass  in  the 
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B  is  the  magnetic  field,  x 
x-direction,  m2  in  the  y- 
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Figure  5.  Shown  is  the  Fermi  surface  of  Bi.  Under  some  doping  conditions,  it  may  be  possible  to 
eliminate  the  hole  in  the  middle,  so  that  at  temperatures  of  order  lOOK,  both  electrons  and  holes 
would  be  where  only  the  electron  pockets  are  now. 
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direction.  The  low  mass  would  apply  to  particles  traveling  across  a  narrow  direction  of  the  Fermi 
surface.  A  second  version  of  (12)  for  the  other  carrier  would  look  the  same  except  that  the  signs  of 
off-diagonal  matrix  elements  are  reversed.  We  can  find  the  overall  response  by  adding  current 
densities  linearly  for  the  electrons  and  holes.  What  we  are  after  is  a  very  large  positive  value  of y,  for 
one  carrier  and  a  large  negative  value  for  the  other,  summing  the  electric  current  to  zero  but 
maintaining  a  large  particle  flux  toward  the  hot  end.  If  we  have  a  system  in  which  e-h  symmetry  is 
present,  i.e.  a  good  EC  material,  then  when  the  full  problem  is  solved,  would  be  zero  and  so  would 
the  total  j^.  We  can,  therefore,  solve  each  of  the  two  version  of  ( 1 2)  separately  to  maximize  jjj^  -that 
is  we  want  the  maximum  possible  transverse  component  of  current  for  each  carrier  separately  for  a 
given  current  drawn  from  the  battery.  However,  we  know  that  will  be  zero  when  both  carrier 
contributions  are  summed,  so  we  set  it  to  zero  in  (12)  to  obtain 


(13) 


where  co  is  the  cyclotron  frequency.  This  remarkable  result  shows  that  the  particle  current  in  the  heat¬ 
carrying  direction  depends  on  the  effective  mass  in  that  direction  alone  (figure  1),  and  that  the  angle 
that  the  current  makes  with  the  electric  field  is  the  Hall  angle  0=tan(Mt),  the  angle  that  the  x-  and  y- 
components  of  the  electric  field  would  make  with  each  other  if  only  one  carrier  were  present  and  j=Q 
(figure  1). 

Maximizing  (13)  is  a  very  important  priority  but  one  cannot  simply  increase  the  magnetic  field 
(if  COT  is  of  order  unity  the  magnetic  field  is  considered  strong)  because  if  E  exceeds  IT  or  so, 
permanent  magnets  can’t  be  used  and  the  system  becomes  a  laboratory  curiosity.  Thus  it  is  important 
for  the  effective  mass  to  be  very  small,  typically  0.01  or  less  than  that  of  a  bare  electron.  We  can, 
however,  keep  electronic  scattering  down  (and  hence  x  up)  by  minimizing  alloy  elements  that  change 
the  electron  count,  and  we  can  make  sure  that  the  temperature  gradient  points  in  the  direction  of 
lowest  mass.  Applying  this  to  the  Bi-Sb  system  we  find  that  because  the  electron  masses  are  much 
less  than  the  hole  masses,  the  hole  pocket  forces  the  temperature  gradient  to  be  perpendicular  to  the 
trigonal  axis.  Next,  note  that  in  a  magnetic  field,  electron  orbits  shift  and  re-quantize  with  an  energy 
spacing  hco  (  h  is  Planck’s  constant)  so  it  is  important  that  the  magnetic  field  not  align  perpendicular 
to  the  low-mass  direction  or  else  large  gaps  will  form  in  the  energy  spectrum  (Landau  levels), 
affecting  the  ability  to  get  e-h  symmetry  because  usually  only  one  carrier  will  align  with  the  field  and 
appreciably  suffer  such  quantum  effects.  Thus  the  electrons,  which  are  very  light  must  not  have  the 
long  axis  of  their  pockets  along  B.  Therefore  E  must  be  along  the  binary  axis,  leaving  J  along  the 
bisectrix,  as  shown  in  figure  5,  and  in  agreement  with  experiment 

Applying  the  same  rules  to  the  doped  Bi-Sb  system  described  above,  where  e-h  symmetry  is 
approximately  present  produces  the  surprising  result  that  V7  must  be  along  the  trigonal  axis,  j  along 
a  bisectrix  axis  and  E  along  a  binary.  This  orientation  has  not  been  studied  in  optimally  doped  and 
alloyed  Bi-Sb,  and  has  the  added  advantage  that  all  the  light  e-h  pockets  contribute  optimally,  unlike 
the  traditional  orientation. 


MEASUREMENTS 


In  order  to  explore  carefully  new  alloys  of  doped  Bi-Sb,  a  very  tedious  collection  of  somewhat 
difficult  measurements  must  be  made.  These  must  include  the  resistivity  tensor,  the  thermopower 
tensor  and  the  thermal  conductivity  for  many  alloys  over  a  broad  temperature  range  in  varying 
magnetic  field.  In  addition,  the  measurement  techniques  are  non-trivial  The  difficulty  arises  because 
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a  good  thermoelectric  material  (Peltier  or  Ettingshausen)  generates  huge  thermoelectric  voltages  and 
substantial  temperature  gradients  when  current  is  passed  through  it,  mixing  up  thermopower  and 
resistivity  signals  in  a  nearly  impossible-to-unscramble  way. 

If  we  start  with  a  uniform  temperature  and  magnetic  field  in  a  sample  to  be  measured,  and 
drive  a  constant  current  through  it,  electric  potentials  are  set  up  almost  immediately,  and  then,  with 
some  time  constant,  thermal  gradients  develop  which  may  change  measured  voltages.  The  measured 
voltage  may  be  a  strong  function  of  time,  with  time  constants  less  than  Is.  The  constant  voltage 
measured  after  a  long  time,  when  the  gradients  are  stable,  is  called  tbe  adiabatic  value.  Measurements 
made  quickly  give  the  isothermal  values.  Figure  6  shows  a  typical  measurement  of  the  time 
dependence  of  the  longitudinal  voltage  on  a  Bi-Sb  alloy,  and  static  results  for  a  doped  alloy  where 
the  Hall  voltage  vanishes  as  e-h  symmetry  is  reached  in  the  remarkable  low  field  of  0.4T.  The  curved 
region  of  the  time  dependent  data  arises  from  a  compounding  of  the  Ettingshausen  effect  and  the 
Nemst  effect.  The  isothermal  value  of  the  voltage,  combined  with  the  known  drive  current,  yields  the 
resistance  while  the  difference  between  isothermal  and  adiabatic  voltages,  combined  with  the  thermal 
conductivity,  yields  the  Nemst  (or  Ettingshausen)  coefficient.  This  also  provides  a  direct  measure  of 
the  critical  thermopower  and  Ti  in  the  material  [15].  The  static  data  is  necessary  also  because  the 
time-dependent  effects,  though  accurately  tracking  the  key  properties,  degrade  at  small  fields  as 
and  also  degrade  for  systems  that  are  poor  EC  materials,  requiring  the  use  of  static  measurements  to 
map  out  the  full  transport  parameters. 

These  measurements  were  made  using  two  fast,  ultra  low  noise  amplifiers  in  a  differential 
instrumentation  amplifier  configuration  designed  by  us.  The  output  of  the  amplifiers  is  digitized  at 
rates  near  1  kHz  to  measure  over  a  time  scale  of  approximately  800ms,  by  which  time  the  voltage 
approaches  a  steady  value.  The  timing  of  the  current  switch  is  controlled  by  a  PC  over  a  GPIB  bus 
and  the  timing  of  the  digitization  cycle  is  adjusted  to  catch  the  voltage  level  before  the  current  is 
switched  on.  Fitting  a  simple  exponential  growth  to  the  curve  gives  a  time  constant  of  T-ISO  ms, 
although  the  time  dependence  is  not  expected  to  be  exactly  exponential  [15].  Such  measurements. 
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Figure  6.  Left,  the  response  of  a  sample  of  Bi^j^Sb^,  alloy  to  the  application  of  a  constant  current. 
The  current  turns  on  at  the  beginning  of  the  trace,  about  40ms  after  the  start  of  recording.  Right, 
a  BiSb(  0J5)  doped  alloy  showing  the  change  in  sign  of  the  Hall  voltage,  marking  e-h  symmetry,  and 
the  strong  variation  in  properties  at  fields  below  0.5T. 
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combined  with  static  measurements  of  thermal  conductivity,  are  required  to  predict  the  performance 
of  a  material  used  in  an  EC  cooler. 


SUMMARY 

We  have  reviewed  the  Peltier  and  Ettingshausen  effects,  discussed  accurate  phenomenological 
equations  to  describe  the  Ettingshausen  cooler  and  indicate  how  the  Ettingshausen  cooler  can  provide 
better  performance  for  the  same  effective  material  properties  than  a  Peltier  cooler  via  geometry 
optimization.  Rules  are  described  for  determining  the  best  directions  to  use  in  Ettingshausen 
materials,  and  the  key  difficulties  with  measurements  are  reviewed 
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ABSTRACT 

Non-cubic  materials,  when  structurally  ahgned,  possess  sufficient  anisotropy  to  exhibit 
thermoelectric  effects  where  the  electrical  and  thermal  currents  are  orthogonal  (“off-diagonal” 
thermoelectricity).  We  discuss  the  benefits  of  this  form  of  thermoelectricity  for  devices  and 
describe  a  search  for  suitable  properties  in  the  air-stable  conducting  polymers  polyaniline  and 
polypyrrole.  We  find  the  simple  and  general  correlation  that  the  logarithm  of  the  electrical 
conductivity  scales  linearly  with  the  Seebcck  coefficient  on  doping  but  with  proportionality  in 
excess  of  the  conventional  prediction  for  thermoelectricity.  The  correlation  is  unexpected  in  its 
universality  and  unfavorable  for  thermoelectric  applications.  A  simple  model  suggests  that  mobile 
charges  of  both  signs  exist  in  these  polymers,  and  this  leads  to  reduced  thermoelectric  efficiency. 
We  also  briefly  discuss  non  air-stable  polyacetylene,  where  “ambipolar”  transport  does  not  appear 
to  occur,  and  where  properties  seem  more  favorable  for  thermoelectricity. 

INTRODUCTION 

The  Seebeck  coefficient  S,  like  the  electrical  conductivity  o  and  the  thermal  conductivity 
K,  is  an  anisotropic  property  in  stmcturally  ordered  materials  with  symmetry  less  than  cubic.  Thus 
the  performance  of  any  such  material  as  a  thermoelectric  element  is  also  anisotropic.  However,  it 
is  necessary,  in  this  case,  to  further  define  the  anisotropy  by  consideration  of  the  directions  of  the 
electrical  and  thermal  currents  in  an  anisotropic  thermoelectric  medium. 

The  ordinary  form  of  thermoelectricity  can  be  referred  to  as  “diagonal  thermoelectricity” 
(DTE).  In  DTE,  the  electrical  and  thermal  currents  flow  parallel.  DTE  utilizes  the  diagonal 
components  of  S  in  its  matrix  representation.  DTE  can  occur  in  any  material  irrespective  of  its 
crystallographic  symmetry.  All  thermoelectric  devices  in  use  today  use  DTE.  The  name 
“anisotropic  thermoelectricity”  is  sometimes  used  to  mean  ordinary  thermoelectricity  (DTE)  but 
implemented  in  different  crystallographic  directions  for  a  crystal. 

There  is  another  form  of  thermoelectricity,  which  we  refer  to  as  “off  diagonal 
thermoelectricity”  (ODTE),  where  anisotropy  leads  to  new  configurations  because  the  electrical 
and  thermal  current  flows  are  not  parallel’.  ODTE  utilizes  the  off-diagonal  components  of  S  hi  its 
matrix  representation.  This  can  lead  to  substantial  improvements  in  the  ease  and  efficiency  of 
thermoelectric  implementation.  ODTE,  which  is  rooted  in  anisotropy,  only  occurs  in  non-cubic 
materials  with  oriented  structures,  and,  depending  on  the  symmetry,  only  in  certain  directions. 

ODTE  allows  independent  control  of  the  electrical  &  thermal  impedances  via  the  element 
shape,  and  has  the  potential  for  flexible  device  implementation.  Figure  1  shows  the  differences  in 
device  geometry  &  possible  applications  for  flexible  ODTE, 
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Figure  1:  DTE  &  ODTE  device  geometries  &  possible  applications  for  flexible  ODTE. 


Conducting  polymers  arc  cheap,  flexible,  lighivveighl  and  easily  made  anisotropic  (e.g,.  by 
stretching)  which  makes  them  attractive  for  ODTE.  Their  main  disadvantage  is  a  low 
thermoelectric  efficiency  index  ZT.  However,  most  research  in  these  materials  centers  on 
achieving  the  state  of  maximum  electrical  conductivity.  It  is  necessary,  however,  to  investigate 
conducting  polytners  which  are  more  lightly  doped  than  those  pursued  in  current  research  on 
conducting  polymers  to  detenninc  their  potential  for  thermoelectric  applications,  A  further 
disadvantage  is  that  some  conducting  polymers  are  not  air-stable. 

The  only  study  we  are  aware  of  which  has  reported  two  of  the  relesant  thermoelectric 
parameters  -  a  and  S  -  over  a  sufficiently  wide  doping  range  in  conducting  polymers  is  the  19S.5 
work  of  Reytiolds,  Schlenoff  and  Chien’  who  measured  these  properties  for  non  air-stable 
polyacetylene.  Tbeir  results,  rcpiotted  in  figure  2  in  the  form  to  be  used  in  this  paper,  show  a 
linear  relation  between  log  o  and  S  over  a  wide  range  in  doping  and  with  a  proportionality  given 
by  -P(e/k)  where  (c/k)  is  the  elementary  charge  divided  by  Boltzmann's  constant,  and  the  number 
P  I .  This  is  the  behavior  expected  for  a  material  having  mobile  charge  of  one  sign  only  (see 
below). 

We  have  calculated  the  doping  dependence  of  ZT  in  polyacetylcnc  using  the  RSC’  data 
and  assuming,  for  the  unmeasured  thermal  conductivity,  a  constant  value  of  0.01  W/cmK,  These 
results  show  that  the  maximum  ZT  has  a  value  of  only  slightly  greater  than  1  O'  there,  nearly  3 
orders  of  magnitude  below  the  value  for  the  best  thermoelectric  materials  today.  In  the  past  1 0 
years,  however,  there  have  been  a  number  of  reports'  of  polyacetylcnc  with  a  larger  by  10'  or 
more  than  that  found  by  RSC’.  This  increase  has  been  the  result  of  new  dopants  and  new 
preparation  methods.  If  P  =■  1  for  these  materials,  then  they  would  have  ZT>1  at  300K.  a  value 
larger  than  that  for  any  known  material.  However,  no  report  of  the  o  -  S  behavior  of  these  high  o 
materials  in  a  more  lightly  doped  state  has  appeared 
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Figure  2.  Log  (o)  vs  S  for  polyacetylene  (from  Reynolds,  Schlenoff  and  Chien"). 
EXPERIMENT 

We  chose  not  to  investigate  these  new  forms  of  conducting  polyacetylene  because  they  are 
neither  air-stable  nor  easily  manufactured.  We  have,  instead,  measured  the  thermoelectric 
properties  of  air-stable  poiyaniline  and,  to  lesser  extent,  polypyrrole.  Oui'  samples  of  polyaniline 
were  synthesized  according  to  the  methods  of  Adams  et.  al.^.  and  MacDianrud  et.  al.  .  and 
stretched,  in  some  cases,  to  develop  anisotropy.  We  also  investigated  polypyrrole  by  dedoping 
polypyrrole  coated  Milliken  Contex  Fabric. 

Figure  3  shows  the  o  -  S  relation  found  for  our  polyaniline  samples  which  were  stretched 
to  ~3X  their  original  length  and  subsequently  doped  with  oxalic  acid.  The  data  for  parallel-to-pull 
and  perpendicular-to-pull  samples  both  follow  the  relation  log„(o/a_max)  =  -P  (e/k)  S  where  Pj  - 
9  and  o  rnax,  =  33[S/cm]  for  the  parallel-to-pull  case  and  P ,  =  1 5  and  a_max,  =  2.7[S/cm]  for 
the  perpendicular-to-pull  case.  The  line  just  above  the  data  gives  the  approximate  o  -  S  relation 
found  in  polyacetylene  by  RSC".  The  upper  most  line  gives  the  approximate  o  -  S  relation  found 
in  the  best  thermoelectric  materials  for  room  temperature  applications  today.  Note  that  the 
horizontal  scale  in  Figure  3  (&  Figure  4)  is  lOX  smaller  than  that  in  Figure  1 . 
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Figure  3.  Log  (o)  vs  S  for  stretched  polynnilinc  doped  witli  oxalic  acid 

The  value  of  P  depends  on  the  chemical  nature  of  the  dopant  in  the  unstretched  (isotropic) 
slate  as  well  as  in  the  stretched  (anisotropic)  state.  The  largest  \  aluos  of  P  in  isotropic  polyaniline 
occurred  for  camphor  sulphonic  acid  (CSA)  doping,  where  p  was  and  HCl  elcctrochemically 
deposited  and  doped  material,  where  P  was  -17.  Typical  values  for  polyanilinc  (and.  with  less 
data,  for  polypyrrole)  were  p  -9.  Figure  4  shows  the  a  -  S  data  for  over  1  .“'0  samples. 
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Figure  4.  Log  (o)  vs  S  coefTicient  for  all  data. 
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These  data  are  derived  from  2  base  materials  (polyanilme  and  polypyrrole),  13  different 
dopants,  stretch-oriented  &  unoriented  forms,  serially  &  individually  doped  and  dedoped,  and 
chemically  &  electrochemically  synthesized/doped,  though  not  in  aU  combinations.  One  can 
discern  the  linear  trends  in  the  plot  for  the  different  dopants  some  of  whose  details  have  been 
revealed  in  the  previous  graph.  The  common  results  of  these  doping  studies  are  that  i)  a 
correlation  exists  between  a  and  S  such  that  logj(a/o  max)  =  -P  (e/k)  S,  n)  the  value  of  P 
depends  on  the  chemical  nature  of  the  dopant  but  is  always  » 1 ,  and  iii)  the  values  of  P  and 
o  max  are  anisotropic  in  a  stretched  sample.  The  conclusions  above  hold  whenever  we  have 
sufficient  data  to  test  them. 

When  the  thermoelectric  efficiency  index®  ZT  =  S‘*o*T/k  is  combined  with  the  empirical 
o  -  S  relation,  adding  the  assumption  of  a  constant  k,  one  finds  the  maximum  ZT  will  be  ZT(max) 
=  o_max[S/cm]/(8*10''*K*P’)  at  300K.  The  major  conclusion  of  these  results,  then,  is  that  the 
occurrence  of  the  empirical  o  -  S  correlation  with  P»1  is  very  detrimental  to  thermoelectric 
application  potential.  With  P  ~  10,  as  in  our  polyaniline  and  polypyrrole,  one  needs  electrical 
conductivities  which  are  -  lOOX  greater  for  applications  than  in  the  case  where  P  =  1 ,  other 
parameters  being  equal.  This  conclusion  is  independent  of  the  basis  for  the  o  -  S  correlation. 

Since  the  off-diagonal  terms  in  S  rarely  exceed  the  diagonal  terms  by  great  amounts,  the 
failure  to  achieve  large  DTE  ZT’s  (because  of  the  large  P)  makes  further  analysis  for  ODTE  of 
little  value. 

ON  THE  RELATION  BETWEEN  ELECTRICAL  CONDUCTIVITY  AND  SEEBECK  COEFFICIENT 

When  current  passes  between  two  dissimilar  materials,  heat  is  evolved  or  absorbed  at  the 
interface  at  a  rate  which  is  proportional  to  the  current  (the  Peltier  effect).  The  proportionality 
constant  H  is  thus  the  heat  of  transport  per  unit  electric  charge  e,  and  S  is  thus  the  entropy  of 
transport  per  unit  electric  charge.  For  a  simple  system  of  particles  where  the  fraction  of  occupied 
current  carrying  states  is  c,  we  expect  S  =  (k/e)  log,,[c/(l-c)].  The  electrical  conductivity  a  of 
such  a  system  is  given  by  o  =  o_max  *  c  *  (1  -c)  where,  when  c«l ,  o  max  is  the  “apparent” 
maximum  conductivity  (at  c  =  1 )  and  is  proportional  to  the  mobility  of  the  charge  carriers.  For  an 
electrically  neutral  material  there  will  be  contributions  from  the  equal  number  of  both  +  and  - 
charge  carrier  types  to  o,  which  simply  add,  and  to  S,  which  add  with  a  weighting  proportional  to 
their  o’s.  Under  the  additional  restraint  that  c«l  (the  “light  doping”  limit),  this  leads  to  the  final 
result  log„(a/a_max)  =  -P  (e/k)*S  where  the  number  P  =  (r+l)/(r-l ),  and  r  = 
mobility(+)/mobility(-). 

In  conventional  semiconductors  r  is  »1  (p-type  conduction)  or  «1  (n-type  conduction) 
because  of  the  very  large  mass  difference  between  the  electron  and  the  parent  ionized  dopant 
atom,  and  because  the  ionized  dopant  atom  is  chemically  “locked  in  place”  due  to  the 
substitutional  nature  of  the  inclusion.  These  conditions  may  not  apply  with  such  force  to  the 
current  carrying  charge  in  disordered  polymers  made  conducting  by  doping  with  ionizable 
molecules. 

Relevant  to  the  usual  interpretations  of  conducting  polymer  electrical  behavior,  neither  the 
Mott  theory’  nor  the  Efros-Shklovskii  theory*  of  transport  in  disordered  materials  leads  to  a  linear 
relation  between  log  (a)  and  S  unless  log(o/a_max)*[dlogN(E)/d(E/kT)][j.g,  =  constant  with 
varying  dopant  concentration.  N(E)  is  the  density  of  charge  carrying  states  as  a  function  of 
energy  E,  and  Ej  is  the  Fermi  Energy.  Such  a  constraint  appears  unexpected. 
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CONCLUSIONS 


Our  central  result,  that  P»I  in  polyaniline  and  polypyrrole,  thus  leads  to  the  conclusion  that  there 
are  mobile  charge  carriers  of  both  signs  in  these  doped  polymers.  Our  experiments  cannot, 
however,  determine  if  these  carriers  arc  electrons  &  holes  or  anions  &  cations.  For  p  9.  which 
characterizes  many  of  our  samples  in  the  isotropic  (un.strctchcd)  state,  wc  would  further  conclude 
that  the  mobilities  are  in  the  ratio  r mobility(e)/mobility(-)  =  1 .2.S.  This  leads  to  a  substantial 
“internal  short-circuiting”  of  the  Sccbcck  cffccl  (P»l)  and  much  reduced  thermoelectric 
efficiency.  The  near  parity  of  the  charge  mobilities  docs  not.  however,  occur  in  polyacctylenc 
according  to  this  interpretation,  and  the  data  of  RSC’. 

A  fuller  account  of  this  work  will  be  published  elsewhere  and  can  be  obtained  from  TecOiie,  Inc., 
Tel:  904-562-9789  (voice),  904-514-3109  (FAX),  or  ltestardtrt  phy.fsu.edu  (e-mail). 
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Abstract: 

We  have  measured  the  resistivity  and  thermopower  of  single  crystals  as  well  as  polycrystalline 
pressed  powders  of  the  low-dimensional  pentatelluride  materials;  HfTe5  and  ZrTeg.  We  have 
performed  these  measurements  as  a  function  of  temperature  between  5K  and  320K.  In  the  single 
crystals  there  is  a  peak  in  the  resistivity  for  both  materials  at  a  peak  temperature,  Tp  where  Tp  = 
80K  for  HfTej  and  Tp  =  145K  for  ZrTe^.  Both  materials  exhibit  a  large  p-type  thermopower 
around  room  temperature  which  undergoes  a  change  to  n-type  below  the  peak.  This  data  is  similar 
to  behavior  observed  previously  in  these  materials.  We  have  also  synthesized  pressed  powders  of 
polycrystalline  pentatelluride  materials,  Hfre5  and  ZrTeg.  We  have  measured  the  resistivity  and 
thermopower  of  these  polycrystalline  materials  as  a  function  of  temperature  between  5K  and  320K. 
For  the  polycrystalline  material,  the  room  temperature  thermopower  for  each  of  these  materials  is 
relatively  high,  +95  pV/K  and  +65  pV/K  for  HfTej  and  ZrTe^  respectively.  These  values 
compare  closely  to  thermopower  values  for  single  crystals  of  these  materials.  At  77  K,  the 
thermopower  is  +55  pV/K  for  Hfre5  and  +35  pV/K  for  ZrTe5.  In  fact,  the  thermopower  for  the 
polyciystals  decreases  monotonically  with  temperature  to  T  =  5K,  thus  exhibiting  p-type  behavior 
over  the  entire  range  of  temperature.  As  expected,  the  resistivity  for  the  polycrystals  is  higher  than 
the  single  crystal  material,  with  values  of  430  mf2-cm  and  24  mf2-cm  for  HfTe5  and  ZrTe^ 
respectively,  compared  to  single  crystal  values  of  0.35  m£2-cm  (Hffeg)  and  1.0  mf2-cm  (ZrTe^). 
We  have  found  that  the  peak  in  the  resistivity  evident  in  both  single  crystal  materials  is  absent  in 
these  polycrystalline  materials.  We  will  discuss  these  materials  in  relation  to  their  potential  as 
candidates  for  thermoelectric  applications. 

Introduction: 

Large  research  efforts  have  been  performed  on  materials  based  on  the  Bi2Te3  and  Sii-xGex 
systems  for  thermoelectric  (TE)  applications.^"^  These  materials  have  been  extensively  studied 
and  optimized  for  their  use  in  thermoelectric  refrigeration  and  power  generation  applications  and 
remain  the  current  state-of-the-art  materials.  Despite  this  comprehensive  investigation  of  the 
traditional  TE  materials  there  is  still  substantial  room  for  improvement.  The  need  for  improvement 
in  properties  is  particularly  acute  in  the  lower  temperature  regime  given  that  most  of  the 
conventional  TE  materials  show  optimal  performance  at  room  temperature  and  above. 

Recently  there  has  been  renewed  interest  in  the  investigation  of  new  and/or  significantly  more 
efficient  TE  materials.  This  enhanced  interest  has  been  driven  by  the  need  for  much  higher 
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performance  and  new  temperature  regimes  for  TE  devices  in  many  applications.  Applications 
utilizing  TE  materials  are  demanding  higher  performance  room  temperature  materials  than  exist 
presently.  In  addition,  as  the  field  of  “cryoelectronics”  and  “cold  computing”  grows  the  need  for 
lower  temperature  (100  -  200  K)  TE  materials  has  become  necessary.  The  advantages  of  “cold 
computing”  are  discussed  in  a  recent  article  by  Sloan,'*  where  he  states  that  “speed  gains  of  30%  - 
200%  are  achievable  in  some  CMOS  computer  processors”  and  that  “cooling  is  the  fundamental 
liimt  to  electronic  system  performance.”  While  there  are  a  considerable  number  of  applications  in 
the  high  temperature  regime,  there  are  even  greater  potential  device  applications  for  refrigeration  at 
lower  temperatures,  between  80  and  400K.  Materials  of  both  n-type  and  p-type  are  necessary  if  a 
thermoelectric  device  is  to  be  fabricated. 

Thermoelectric  energy  conversion  utilizes  the  Peltier  heat  generated  when  an  electric  current  is 
passed  through  a  thermoelectric  material  to  provide  a  ternperamre  gradient  with  heat  being  absorbed 
on  the  cold  side  and  rejected  at  the  sink,  thus  providing  a  refrigeration  capability.  Conversely,  an 
imposed  AT  will  result  in  a  voltage  or  current,  i.e,  small  scale  power  generation.^  For  a  material 
to  be  a  good  candidate  for  thermoelectric  applications  it  needs  to  possess  a  high  figure  of  merit,  Z, 
where  ZT  =  a^aT/X,  where  a  is  the  Seebeck  coefficient,  o  the  electrical  conductivity  and  X  the 
total  thermal  conductivity  (X  =  A-L  +  Xg;  the  lattice  and  electronic  contributions  respectively).  The 
most  promising  materials  are  typically  semiconductors  with  carrier  concentrations  of  approximately 
10*9  carriers/cm^.  The  power  factor,  a^o,  can  be  optimized  through  doping  to  give  the  largest  Z. 
High  mobility  carriers  are  most  desirable  so  as  to  have  the  highest  electrical  conductivity.  For  all 
the  current  state  of  the  art  materials,  the  dimensionless  figure  of  merit,  ZT  =  1 . 

It  is  apparent  that  at  this  time  the  field  of  thermoelectrics  is  undergoing  a  rapid  rebirth.  This 
rebirth  is  not  driven  primarily  by  dramatic  new  discoveries,  but  rather  by  existing  technologies 
greatly  desiring  higher  performance  materials.  As  such,  many  new  materials,  new  classes  of 
compounds  and  new  synthesis  techniques  are  being  investigated  and  some  of  these  are  showing 
promising  results.^' One  area  of  investigation  that  is  sorely  lacking  in  this  rebirth  concerns 
lower  temperature  (80K  <  T  <  200K)  thermoelectric  materials.  The  most  promising  manner  in 
which  to  search  for  a  potential  thermoelectric  materials  at  these  temperatures  (T  =  100  K)  is  to 
investigate  systems  which  exhibit  more  exotic  electrical  transport  than  standard  metal  or  semimetal 
transport.  One  candidate  is  a  material  exhibiting  a  sharp  density  of  states  (n(E))  near  the  Fermi 
energy  (Ep)  that  could  lead  to  a  large  thermoelectric  power.  The  electrical  conductivity  is 
proportional  to  n(E)  while  the  thermopower  is  proportional  to  the  logarithmic  derivative  of  n(E) 
{(1/n)  *  dn/dE}  with  E  evaluated  at  E  =  Ep.  Low-dimensional  systems  are  known  to  be  very 
susceptible  to  van  Hove  singularities  (or  cusps)  in  their  density  of  states.  A  number  of  systems 
that  are  candidates  for  such  low  ternperamre  thermoelectric  materials  are  heavy  fermion  materials, 
Kondo  systems  and  low-dimensional  materials.  Low  dimensional  materials  are  specifically 
susceptible  to  electronic  phase  transitions  and  exotic  transport  properties  (e.g.  charge  density  wave 
materials).  Doping  effects  are  typically  very  strong  in  these  types  of  materials  and  can  drastically 
change  their  electronic  transport.  Quanrnm  well  systems  take  advantage  of  this  low  dimensional 
character  through  physical  confinement  in  thin  film  struemres  to  enhance  the  electronic  properties 
of  the  material  ( i.  e.  the  power  factor,  a^o  ).^ 
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Results  and  Discussion 


We  have  performed  some  preliminary  investigations  of  a  very  interesting  class  of  low¬ 
dimensional  materials  known  as  the  pentatellurides,  HfTes  and  ZrTeS-  In  Figure  1,  we  show 
resistivity  and  thermopower  for  HfTes  and  &Te5  as  a  function  of  temperature.  This  is  data  for  a 
bundle  of  single  cryst^  fibers,  approximately  100  pm  in  diameter  and  approximately  5  mm  long. 
This  data  agrees  well  with  previously  reported  single  crystal  data.  ^  The  resistivity  for  HfTes 
increases  as  the  temperature  is  decreased  from  room  temperature  and  exhibits  a  peak  {p(Tp)  = 
3p(300K) }  at  around  Tp  =  80K  after  which  the  resistivity  falls  rapidly  as  the  temperature  is  further 
reduced.  The  ZrTes  material  behaves  in  a  similar  manner  except  the  peak  occurs  at  a  higher 
temperature,  Tp  =  145K,  The  room  temperature  electrical  conductivity  of  these  materials  is  2.9  x 
10T(a-cm)-l  for  HfTes  and  1  x  10^  (n-cm)-l  for  ZrTes  which  is  comparable  to  the  best  known 
thermoelectric  materials.  However,  the  most  interesting  property  of  these  materials,  in  regards  to 
thermoelectrics,  concerns  the  low  temperature  thermopower  near  the  peak.  At  temperatures  above 
the  peak  the  thermopower  is  very  high,  on  the  order  of  120  pV/K  for  HfTes  and  1 10  pV/K  for 
ZrTes.  Near  Tp  the  thermopower  exhibits  a  strong  temperature  dependence  and  changes  sign  to  a 
comparable  negative  thermopower  (~  -100  pV/K  for  each).  Thus,  these  materials  exhibit  both 
large  n-type  (T  <  Tp)  and  p-type  (T  >  Tp)  behavior  depending  on  the  temperature. 


a 

E 


120 

80  ^ 
n 
a 
40 

0 


'g 


-40  'c 
< 


-80  J 
-120 


Temperature  (K) 


Figure  1 .  The  absolute  thermopower,  a,  and  the  resistivity,  p,  as  a  function  of  temperature 
for  single  crystal  (a.)  HfTes  and  (b.)  ZrTes. 

The  electrical  transport  properties  of  these  materials  was  studied  some  15  years  ago,  albeit  not 
in  relation  to  the  materials’  properties  for  applications  in  thermoelectrics.  1^-21  xhe  transition  or 
peak  was  first  thought  to  be  evidence  of  a  charge  density  wave  (CDW)  peak  but  no  evidence  of  a 
CDW  transition  or  CDW  behavior  was  found.  These  materials  were  being  investigated  just  before 
the  breakthrough  of  high  temperature  superconductivity  and  many  of  the  researchers  working  on 
these  systems  turned  their  research  in  that  direction.  From  the  early  work,  the  transition  in  the 
pentatellurides  appears  to  be  an  electronic  phase  transition  and  not  a  structural  phase  transition, 
thus  the  electronic  properties  of  this  system  should  be  very  susceptible  to  doping.  DiSalvo  et. 
al.^^  performed  Zr  and  Ta  substitution  for  Hf  in  the  HfTes  material  and  found  the  doping  and 
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ubstitutions  were  able  to  change  the  peak  temperature,  while  also  affecting  the  magnitude  of  the 
esistivity  of  these  materials.  The  thermopower  was  not  reported.  The  magnitude  of  the 
hermopower  has  been  found  to  very  sample  dependent,  probably  due  to  small  amounts  of  trace 
mpurities  or  differences  in  growth  conditions,  so  in  doped  materials  the  electronic  properties 
should  be  very  susceptible  to  optimization. 

Dramatic  pressure  effects  have  also  been  observed  in  the  pentatelluride  materials  with  the 
thermopower  below  the  peak,  the  n-type,  being  changed  by  150%  or  more  to  values  of 
approximately  -240  |lV/K  in  ZrTes  at  T  =  I20K  and  P  =  12  kbar.  The  resistivity  (conductivity)  is 
reduced  (increased)  by  a  factor  of  four  at  these  pressures  and  temperatures.  The  thermopower,  as 
well  as  the  conductivity,  for  ZrTes  is  increased  with  pressure,  effectively  increasing  the  power 
factor  for  this  material  by  a  factor  of  ten  or  more  at  these  pressures  and  temperatures.  Smaller 
changes,  yet  still  substantial,  are  also  observed  in  HfTes  at  similar  pressures.  These  materials  are 
also  very  sensitive  to  external  stress.  Uniaxial  stress  shifts  the  peak  in  resistance  for  ZrTes  and 
effects  a  change  in  magnitude  more  strongly  in  HfTes.  Thus,  the  possibility  of  dramatically 
changing  the  thermopower  towards  more  desirable  values  has  already  been  shown  to  be  possible. 
A  very  sharp  variation  of  the  density  of  states  (n(E))  near  the  Fermi  energy  (Ep)  is  predicted  from  a 
calculation  of  the  density  of  states  by  Bullett*^  for  one  of  these  materials,  ZrTes.  As  discussed 
previously,  this  provides  the  possibility  for  a  large  thermoelectric  power  through  various  dopings 
to  manipulate  the  Fermi  level  in  these  materials.  One  could  assume  a  similar  density  of  stales  exists 
for  the  HfTes  system. 

The  pentatellurides  have  three  small  pieces  of  Fermi  surface,  two  electron-type  and  one  hole- 
type.  The  larger  of  the  three  pieces  is  the  hole-type  surface.  The  magnetotranspon  of  these 
materials  is  also  somewhat  unusual.  Very  large  magnetoresistance  was  observed  even  at  relatively 
high  temperatures  for  large  magnetotransport  effects  (T  =  lOOK).^^  Also  the  mobilits  is  quite 
large,  p  =  3000  cm^A^-sec  for  HfTes  above  the  peak  (T  =  200K).  This  is  three  times  the  mobility 
for  Bi2Te3.  The  crystal  structure  is  also  very  complex  for  these  materials,  with  a  large  number  of 
atoms  per  unit  cell.  This  coupled  with  the  low-dimensional  nature  of  the  materials  makes  the 
material  likely  to  have  a  relatively  low  thermal  conductivity  and  to  the  best  of  our  knowledge  this 
quantity  has  never  been  reported.  We  have  measured  the  thermal  conductivity  of  a  similar  system, 
NbTe4  and  found  it  to  be  on  the  order  of  10  watts/m-K.  This  was  a  larger  crystal  than  these 
fibers,  thus  easier  to  measure  the  thermal  conductivity.  We  are  in  the  process  of  developing 
apparatus  to  perform  the  thermal  conductivity  measurements  on  the  pentatellurides. 22  a  thermal 
conductivity  of  10  watts/m-K  would  be  too  large  for  a  good  thermoelectric  and  this  parameter  may 
be  the  limiting  factor  for  the  potential  of  these  materials  for  TE  applications. 

A  TE  module  is  typically  composed  of  an  n-type  and  a  p-type  material  connected  through 
electrical  contact  pads.'  Thus,  it  is  most  desirable  to  have  both  an  n-type  and  a  p-type  material  to 
be  able  to  build  a  thermoelectric  module.  At  the  low  temperatures  (T  <  90K)  a  superconductor 
could  be  used  as  one  leg,  not  for  the  heat  transport  but  to  get  the  current  to  return  to  the  other  leg 
without  joule  heating.23  These  pentatelluride  materials,  depending  on  temperature,  as  shown  for  a 
bundle  of  single  crystal  materials  in  Figure  1,  exhibit  both  n-type  and  p-type  behavior.  This  makes 
the  possibility  of  fabricating  a  thermoelectric  device  for  this  temperature  range  even  more  possible. 
Most  of  the  current  research  concerns  materials  that  can  be  utilized  at  room  temperature  and  above. 
The  only  material,  to  my  knowledge,  that  can  be  utilized  at  lower  temperatures  (T  =  1CX)K)  is  the 
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Bil-xSbx  system  (only  n-type)  requiring  approximately  a  2  Tesla  magnetic  field  to  enhance  the 
properties  to  an  acceptable  ZT  value .24  Each  pentatelluride  material  is  p-type  above  the  peak  and 
could  be  used  in  conjunction  with  the  n-type  BiSb. 

We  have  also  investigated  polyctystalline  pressed  powders  of  these  pentatelluride  materials 
and  the  resistivity  and  thermopower  is  shown  in  Fig  2.a  and  2.b  for  HfTes  and  ZrTes 
respectively.  The  resistivity,  which  is  very  anisotropic  for  the  single  crystals,  is  much  larger  in  the 
polycrystals  (p  >  25  mfi-cm)  as  expected,  since  we  are  averaging  over  the  low  electrical 
conductivity  direction  as  well  as  the  high  electrical  conductivity  direction.  However,  the 
thermopower  remains  quite  high  and  of  comparable  value  to  the  single  crystal  material  but  it  is  p- 
type  over  the  entire  temperature  range  investigated.  It  appears  that  pressed  pellets  w’ill  not  be 
interesting  for  potential  thermoelectric  applications  due  to  the  large  resistivity.  However  a  fiber 
matrix  or  fiber-composite  matrix  method  for  the  single  crystals  much  like  is  performed  with  carbon 
fibers  is  feasible.  The  device  could  be  fabricated  with  an  inherent  pressure  to  improve  the 
thermoelectric  properties  of  these  materials  if  this  is  favorable. 
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Figure  2. 


The  absolute  thermopower,  a,  and  the  resistivity,  p,  as  a  function  of  temperature 
for  polycrystalline  pressed  powders  (a.)  HfTes  and  (b.)  ZrTes. 


In  Figure  3,  we  show  a  plot  of  the  numerator  of  the  figure  of  merit  (a2cjT)  or  essentailly  the 
power  factor  times  the  temperature  for  each  material.  HfTes  exhibits  a  very  large  a2CTT  at  T  = 
lOOK  and  if  a  low  thermal  conductivity  is  found  for  these  materials  then  there  is  definitely  potential 
for  utilizing  them  for  thermoelectric  applications.  In  summary,  we  have  performed  preliminary 
measurements  on  a  promising  system  to  investigate  for  lower  temperature  thermoelectric 
properties.  The  doping  possibilities  ate  very  broad  in  these  pentatelluride  systems,  with 
substitutions  of  Hf  or  Zr  by  Ti,  Nb,  Ta  etc.  possible  as  well  as  replacing  Te  by  S,  Se  etc.  Much 
more  work  needs  to  be  done,  including  as  we  stated  extensive  doping  studies,  thermal  conductivity 
measurements  and  pressure  studies  of  the  properties. 
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Figure  3.  The  numerator  of  ZT  (a^oT)  vs.  the  temperature  for  HfTes  and  ZrTes. 
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ABSTRACT 

The  electrical  transport  properties  of  P-FeSb  single  crystals  have  been  investigated  in  dependence 
on  the  purity  of  the  source  material  and  on  doping  with  3d  transition  metals.  The  transport 
properties  included  are  electrical  conducticvity.  Hall  conductivity  and  thermopower  mainly  in  the 
temperature  range  from  4K  to  300K.  The  single  crystals  have  been  prepared  by  chemical 
transport  reaction  in  a  closed  system  with  iodine  as  transport  agent.  In  undoped  single  crystals 
prepared  with  5N  Fe  both  electrical  conductivity  and  thermopower  depend  on  the  composition 
within  the  homogeinity  range  of  P-FeSi2  which  is  explained  by  different  intrinsic  defects  at  the  Si- 
rich  and  Fe-rich  phase  boundaries.  In  both  undoped  and  doped  single  crystals  impurity  hand 
conduction  is  observed  at  low  temperatures  but  above  lOOK  extrinsic  behaviour  determined  by 
shallow  impurity  states.  The  thermopower  shows  between  lOOK  and  200K  a  significant  phonon 
drag  contribution  which  depends  on  intrinsic  defects  and  additional  doping.  The  Hall  resistivity  is 
considered  mainly  with  respect  to  an  anomalous  contribution  found  in  p-type  and  n-type  single 
crystals  and  thin  films  In  addition  doped  single  crystals  show  at  temperatures  below  about  130K 
an  hysteresis  of  the  Hall  voltage.  These  results  make  former  mobility  data  uncertain.  Comparison 
will  he  made  between  the  transport  properties  of  single  crystals  and  polycrystaUine  material. 

INTRODUCTION 

The  compound  P-FeSi2  belongs  to  the  group  of  semiconducting  sihcides  formed  by  the 
transition  metals  Cr,  Mn,  Fe,  Ru,  Re,  Os  and  Ir  in  the  Si  rich  part  of  the  corresponding  phase 
diagrams  [1].  Within  this  group  of  silicides  the  three  compounds  P-FeS^,  MnSii,75  and  RuaSij 
with  energy  gaps  of  0.85eV,  0.46eV  and  0.9eV,  respectively,  are  considered  as  promising 
thermoelectric  materials  for  medium  and  high  temperature  apphcations  [2,3].  Many  efforts  have 
been  made  to  find  suitable  doping  elements  and  doping  levels  for  high  efficient  n-type  and  p-type 
compounds.  The  most  extensive  investigations  have  been  carried  out  over  about  thirty  years  on 
P-FeSi2.  Both  bulk  material  [2-13]  and  thin  films  [14-20]  have  been  considered.  The  continuous 
interest  in  the  thermoelectric  properties  of  this  compound  is  mainly  connected  with  the 
availabihty  of  its  components,  its  chemical  stability  and  compatibihty  with  Si  technology. 

In  recent  years  P-FeSi2  has  found  increasing  interest  as  possible  candidate  also  for 
optoelectronic  and  photovoltaic  applications  [1].  In  this  connection  the  preparation  of  high 
quahty  epitaxial  films  was  achieved  by  molecular  beam  epitaxy  [21]  and  chemical  beam  epitaxy 
[22],  New  metastable  disUicide  phases  have  been  found  but  single  crystalline  films  could  not  be 
prepared  [21],  The  optical  properties  have  been  investigated  from  the  infrared  range  to  interband 
transitions  up  to  24eV  and  compared  with  recent  electron  band  structure  calculations  [23,24], 

Despite  the  great  interest  in  thermoelectric  and  optoelectronic  apphcations  many  of  the 
transport  properties  of  P-FeSia  are  stiU  not  understood:  Transport  measurements  on  epitaxially 
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grown  P-FeSi2  thin  films  have  shovwi  high  mobilities  [21,25]  never  measured  in  polycrystalline 
material.  A  strong  non-linear  Hall  resistivity  was  found  and  explained  by  different  models.  The 
main  scattering  mechanisms  are  not  known  which  limit  the  mobility,  unclear  is  the  role  of  polaron 
formation  m  n-type  material,  uncomplete  is  the  knowledge  of  defect  formation  and  impurity 
levels.  As  a  consequence  it  remained  an  open  question  whether  P-FeSi2  can  be  modified  to  give 
improved  thermoelectric  properties  in  comparison  with  the  state  of  the  art  material. 

To  get  more  insight  into  the  fimdamental  properties  of  P-FeSi2  also  single  crystals  have  been 
investigated  in  recent  years  [19,26-30].  Undoped  and  doped  single  crystals  have  been  prepared 
by  chemical  transport  reaction  and  their  transport  properties  have  been  measured  at  low  and  high 
temperatures.  According  to  their  high  structural  order  and  defined  stoichiometry  the  P-FeSi2 
single  crystals  should  he  considered  as  basis  for  applied  research.  It  was  found  that  the  purity  of 
the  source  material  can  have  a  substantial  effect  on  the  transport  properties  [30].  Using  highly 
purified  source  material  information  should  be  obtained  also  about  intrinsic  defects. 

It  is  the  aim  of  this  paper  to  discuss  aspects  of  the  current  understanding  of  the  transport 
properties  of  p-FeSi2  single  crystals.  The  transport  properties  considered  include  electrical 
conductivity,  thermopower  and  Hall  resistivity  and  with  that  all  parameters  which  determine  the 
thermoelectric  power  factor.  Special  emphasis  will  be  laid  on  correlations  between  the  purity  of 
the  source  material  and  the  transport  behaviour.  But  first  a  short  summary  will  be  given  of 
transport  data  of  polycrystalline  P-FeSi2  and  the  preparation  will  he  described  of  P-FeSi2  single 
crystals  of  ultra-high  purity. 

POLYCRYSTALLINE  P-FeSij 
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In  the  first  paper  on  thermoelectric  properties  of  P-FeSi:  [4]  p-type  and  n-type  material  was 
obtained  by  doping  with  Al  and  Co,  respectively.  In  the  following  investigations  mainly  initiated 
by  Birkholz  [5,8,11,13]  and  Nishida  [2,7,9]  the  doping  levels  have  been  optimized  and  further 
doping  elements  were  tested,  Ni,  Pt,  Rh  and 
Pd  for  n-type  and  Mn  and  Cr  for  p-type 
compounds.  It  is  now  well  established  that 
doping  with  transition  metals  from  the  right 
side  of  Fe  in  the  Periodic  Table  yields  n-type 
conductivity  but  fi'om  the  left  p-type 
conductivity.  Al  also  acts  as  an  acceptor  by 
replacing  Si. 

Usually  the  thermoelectric  properties  of  P- 
FeSi2  depend  also  on  the  preparation  technique 
and  purity  of  the  source  material  and  with  that 
on  unintentional  doping.  In  standard  powder 
technology  P-FeSi2  is  prepared  from  the 
metallic  high  temperature  phase  a-FeSi2+s 
which  has  a  hroad  temperature  dependent 
homogeneity  range  0.24<x<0.64  [31]. 

Tlierefore,  after  the  a  ->  P  transition  one  has 
an  excess  of  Si  which  can  have  an  additional 
doping  effect.  At  the  same  level  of  intentional 
doping  the  transport  properties  can  be 
quantitatively  quite  different.  Fig.  1  shows  as  an 
example  the  thermpower  at  room  temperature 
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Fig.  1  Thermopower  S(300K)  of  poly¬ 
crystalline  P-FeSi2  thin  films 


2.3 


256 


of  undoped  and  Co-doped  polycrystalline  P-FeSh  thin  films  in  dependence  on  the  deviation  x 
fi-om  stoichiometry.  Compared  are  results  obtained  on  sputtered  [19]  and  evaporated  films  [15], 

Taking  into  acooimt  the  role  of  xmintentional  doping  the  thermoelectric  properties  of  P-FeSia 
have  been  optimized  by  several  authors.  Very  efficient  n-type  P-FeSi2  was  developed  by  partial 
compensation  of  Co  with  A1  [13].  This  compensation  produces  an  increase  of  the  efficiency  by 
10%  in  comparison  with  imcompensated  material.  A  generator  modul  consisting  of  this  P-FeSh 
as  n-leg  and  MnSii.75  as  p-leg  gives  an  efficiency  ti=3%  at  AT=600K  [13].  Efficient  n-type  P- 
FeSia  was  also  found  by  alloying  with  Ru  [32].  Also  the  use  of  unconventional  doping  elements 
as  oxygen  [16]  or  of  sophisticated  preparation  techniques  as  plasma  processing  of  the  starting 
powder  can  give  improved  material  [33]. 

In  Table  I  characteristic  transport  properties  at  room  temperature  of  P-FeSb  are  summarized 
which  have  been  obtained  by  different  authors  with  polycrystalline  bulk  material  and  thin  films. 
The  maximum  efficiencies  Z  were  obtained  in  the  temperature  range  fi'om  670K  to  870K,  for  Co¬ 
doped  P-FeSi2  values  have  been  achieved  of  2.3  to  5.2  10^  K”'  and  for  Mn-doped  material  1.3 
10”^  K”'.  Also  Al-doped  material  reaches  ZT  values  of  0.2  at  800K. 


Table  I 


Room  temperature  electrical  and  thennoelectrical  data  for  doped  polyciystalline  p-FeSj 


dopant 

Bi 

S 

pV/K 

F 

cm^Afs 

X 

W/mK 

111 

Ref 

Co 

Co 

40...  150 
500 

-150... -250 
-100  ...  -270 

0.3 

2.2...  3.5 
11 

4  ...  10 

5 

Co  +  Al 

230 

-190 

8.3 

4.5 

13 

Ni 

13 

-110 

0.17 

140 

14 

Pt 

110 

-200 

4.9 

20 

14 

Mn 

5  ...  10 

280  ...  450 

8 

0.4...  1.5 

6 

110 

7,9,10,12,15 

Cr 

30...  35 

220 ...  300 

12 

70  ...  130 

12,14,15, 

A1 

190 

170 

1.6...  4 

i _ 6 _ 1 

6 

60 

5,11 

PREPARATION  OF  p-FeSi2  SINGLE  CRYSTALS 

To  achieve  high-purity  semiconductor  grade  P-FeSt  single  crystals  it  is  necessary  to  use 
high-purity  starting  materials  and  to  optimize  the  whole  preparation  process  to  maintain  the 
purity.  Ultra-high-purity  silicon  was  used  as  source  material.  High-purity  iron  was  prepared  by  a 
mxrltistep  process  starting  fi'om  technological  iron  powder.  After  chlorination  of  the  iron  a 
vacuum  distillation  of  FeCl2  over  lumpy  sponge  iron  to  separate  the  nickel  from  the  ferrous 
chloride  was  performed.  The  reduction  of  the  ferrous  chloride  was  performed  with  hydrogen  on  a 
resistance-heated  pure  iron  deposition  wire.  The  typical  experimental  conditions  were  described 
in  [34,35].  The  chemical  composition  of  the  highly  pure  iron  is  shown  in  Table  II. 

According  to  the  phase  diagram  of  the  Fe-Si  system  the  orthorhombic  P-FeSi2  phase  does 
not  coexist  with  the  melt  and  decomposes  during  heating  at  1255K  into  FeSi  and  a-FeSi2,  which 
has  a  composition  different  from  P-FeSi2  [31].  The  a-FeSi2  phase  is  stable  above  1210K 
Therefore,  the  growth  of  P-FeSi2  single  crystals  must  be  carried  out  in  the  temperature  region 
below  1210K,  and  chemical  transport  reactions  or  flux  gro-wth  may  be  used.  To  avoid  impurity 
incorporation  from  the  flux  the  chemical  transport  reaction  in  closed  silica  ampoules  was  used 
with  a  mixture  of  iron  (5  N)  and  silicon  (5  N)  as  source  materials  (about  1.5g  in  total)  and  L  as 
the  transport  medium  In  most  cases  the  composition  of  the  starting  material  was  equal  to  the 
atomic  ratio  Fe/Si  =  2  of  the  disilicide.  But  the  ratios  2.5  and  1.5  were  chosen  for  deposition  of 
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Fig,2:  As  grown  P-FeSi2  single  crystals 


Table  II 

Impurities  of  Fe  and  P-FeSij  detected  by  MS 

MS-sample  holder  consists  of  Ta 
70%  of  the  contents  of  C,  O,  N  are 
bound  on  the  surface  [  1 9] 
not  determined 


P-FeSi, 

(mass  ppm) 

B 

<  1 

<  1 

S 

<  1 

<0  1 

P 

<  1 

<  1 

Na 

<  1 

2 

Ba 

<  1 

<0  1 

Cl 

2 

<  1 

Br 

<  1 

<0  1 

K 

<  1 

<  1 

Ca 

<0  1 

2 

Ti 

<  1 

<  1 

Cr 

<  1 

7 

Mn 

<  1 

<0.1 

Co 

I 

1 

Pb 

<  I 

<0  1 

W 

<  1 

<0  1 

Ni 

2 

11 

Cu 

5 

2 

Zn 

<  1 

<  1 

Ga 

1 

1 

Zr 

1 

1 

Nb 

<0.1 

<  1 

Sb 

<  1 

<0.1 

Sn 

<  1 

<0,1 

As 

<  1 

<0.1 

Mo 

<  2 

<0.1 

Ag 

<0  1 

1 

1 

<0.1 

19 

Ta" 

13 

19 

C" 

10 

.3) 

0" 

9 

_3) 

N" 

6 

H 

<6 

J) 

crystals  with  the  upper  and  the  lower  boundaries  of  the  homogeneity  range  of  P-FeSi;.  too.  Tlie 
chemical  vapour  transport  was  performed  in  a  horizontal  configuration  and  proceeded  from  the 
source  at  a  temperature  T2  (1323  K)  to  the  crystallization  zone  kept  at  a  lower  temperatures  T\ 
of  100  to  300  K  below  Tj.  Usually,  after  a  24  hours  preheating  in  a  reversal  temperature  gradient 
T2  <  T],  the  ampoule  was  kept  for  about  10  days  at  the  experimental  temperatures  T\  and  T2. 
Special  attention  must  be  paid  to  the  maintenance  of  the  purity  of  the  starting  agents.  This 
demands  the  use  of  high-purity  iodine.  Furthennore,  a  special  heat  treatment  of  the  silica  tubes 
used  in  chemical  transport  reactions  is  necessary  to  exclude  oxygen  and  water. 

The  single  crystals  obtained  (Fig,  2)  have  a  needle-like  shape  with  dimensions  of  (5  -  10)  x  2 
X  0.5  mm’.  The  crystal  structure  was  checked  by  X-ray  diffraction.  The  measured  peaks  were 
correlated  only  to  the  orthorhombic  P-FeSia  phase,  no  traces  of  a-FeSi:  were  found.  Only  at 
crystallization  temperatures  T|  of  1223  K  plate-like  crystals  of  the  a-FeSi2  phase  were  obtained 
The  habit  of  the  crystals  does  not  change  if  different  source  compositions  and  different 
temperatures  in  the  crystallization  zone  of  the  transport  ampoule  are  used.  In  contrast  to  the 
crystals  reported  in  literature  before  [26],  selected  crystals  have  a  flat  surface  indicating  that  the 
usual  twinning  can  be  avoided  in  the  material  of  higlier  purity.  Further  efforts  are  necessary'  to 
5nd  optimum  conditions  for  this  type  of  crystal  growth. 
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The  analyses  of  impurities  in  the  single  crystals  (Table  II)  displays  no  significant  increase  in 
comparison  with  the  starting  materials  but  a  decrease  in  the  elements  which  will  not  be 
transported  by  iodine.  Only  the  concentration  of  the  transport  agent  iodine  is  increased  in  the 
single  crystals  to  19  wt.  ppm. 

ELECTRICAL  RESISTIVITY 


Undoped  (3-FeSb  Single  Crystals 


Undoped  single  crystals  grown  with  source  material  of  a  purity  of  4N  and  less  show  irregular 
behaviour  [19].  Therefore,  single  crystals  were  grown  with  5N  source  material  described  above 
to  look  for  intrinsic  defects  and  for  the  dependence  of  the  transport  behaviour  on  the  deviation 
from  strict  stoichiometry  within  the  homogeinity  range.  The  investigated  samples  can  be  divided 
according  to  their  conoposition  into  three  groups; 

1.  crystals  with  composition  of  the  Si-rich  phase  boundary  (source  material  Si/Fe=2.5) 

2.  crystals  with  undefined  composition  within  the  homogeinty  range  (source  material  Si/Fe=2.0) 

3.  crystals  with  composition  of  the  Fe-rich  phase  boundary  (source  material  Fe/Si=L5). 

In  Table  III  preparation  parameter  and  transport  data  at  room  temperature  are  summarized  of 
samples  which  are  discussed  in  the  following. 

In  Fig.  3  the  electrical  resistivity  p(T)  of 
characteristic  samples  is  shown  in  the 
temperature  range  from  80K  to  400K.  There  is 
a  clear  dependence  of  p(T)  on  the  deviation 
from  strict  stoichiometry.  From  the  Fe-rich 
phase  boundary  to  the  Si-rich  phase  boundary 
the  resistivity  ratio  pso/psoo  increasing  from  2 
to  200.  This  strong  increase  of  the  resistivity 
ratio  is  an  evidence  of  a  finite  width  of  the  < 
homogeinity  range  despite  the  approximately 
constant  resistivity  p(300K)  =  (20...100)Qcm. 

The  activation  energy  of  the  shallow  donor  is 
25meV  at  the  Fe-rich  boundary  but  more  than 
60meV  at  the  Si  rich  phase  boundary.  This 
different  values  are  a  strong  indication  that 
different  intrinsic  defects  are  formed  at  the 
both  phase  boundaries. 


200 


150  100 

T,K  (1/T  scale) 


Fig.3 


Resistivity  of  undoped  P-FeSi2  single 
crystals  with  different  composition 
Below  lOOK  the  slope  of  p(T)  decreases  and  reaches  in  samples  with  excess  of  Fe  very  small 
values  as  known  from  impurity  band  conduction.  We  have  foimd  a  constant  activation  energy  in 
the  meV  range  (Table  HI),  within  the  considered  temperature  range  down  to  4K  there  is  no 
variable  range  hopping  conduction.  This  is  in  contrast  to  the  behaviour  of  undoped 
polycrystalhne  P-FeSW  thin  films  which  show  Mott  hopping  in  the  same  temperature  range. 

At  hi^  temperatures  T>450K  the  activation  energy  increases  in  aU  samples  from  the  value  of 
the  shallow  donor  to  about  0.4eV  indicating  the  onset  of  intrinsic  conduction  [30]. 


Doped  B-FeSb  Single  Crystals 

Doping  of  highly  pure  p-FeSi2  single  crystals  should  give  information  on  the  relation  between 
intrinsic  and  extrinsic  defects.  But  up  to  now  doping  experiments  were  carried  out  on  single 
crystals  only  which  were  xmdefined  with  respect  to  their  stoichiometry  (ratio  Si/Fe=2.0  of  the 
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source  material).  It  remains  a  problem  for  further  work  to  dope  single  crystals  prepared  at  the 
phase  boundaries  of  the  homogeinity  range. 

Doping  experiments  were  earried  out  with  3d  transition  metals  using  4N  Fe  for  Cr,  Mn  and 
Ni  [29]  and  5N  Fe  for  Co.  In  [36]  it  was  proved  by  ESR  measurements  that  the  above  mentioned 
metals  are  ineorporated  into  the  lattice  in  most  cases  on  both  inequivalent  Fe  sites.  In  Table  III 
transport  parameter  at  300K  are  given  of  doped  samples. 

Despite  the  different  magnitude  at  300K  the  resistivity  p(T)  shows  the  same  general 
temperature  dependence  as  in  undoped  single  crystals.  Below  room  temperature  p(T)  strongly 
increases  until  lOOK...  150K  and  ehanges  to  a  much  weaker  temperature  dependence  below  about 
lOOK  (Fig.4).  Tlie  activation  energy  in  the  first  temperature  range  is  attributed  to  the 
corresponding  dopant,  see  Table  III. 


Table  III 

Electrical  parameter  of  doped  B-FeSi^  single  crystals  prepared  with  4N  and  5N  Fe,  res 


Symbol 


dopant  /  at% 
source  mat. 
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Fig.4  Resistivity  of  doped  P-FeSi2  single  Fig.5  Low  temperature  resistivity  of  doped 
crystals  (straight  lines:  InpocEA/kT)  P-FeSi2  single  ciystals  in  the  plot  of 

variable  range  hopping 


The  low  temperature  behaviour  is  characterized  by  straight  lines  in  the  plot  Inp  vs.  T see 
Fig.5.  But  only  the  Co-doped  single  crystals  follow  the  corresponding  variable  range  hopping  law 
lnp(T)cc(Tiiopp/T)"'^^  in  the  presence  of  a  Coulomb  gap  [37].  This  law  can  only  be  applied  if  the 
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hopping  temperature  Tnopp  is  larger  than  the  measuring  temperature  T.  The  small  hopping 
temperatures  in  the  Co-doped  crystals  are  an  indication  of  a  high  impurity  concentration  close  to 
the  metal-insulator  transition  within  the  impurity  band.  In  all  other  samples  we  have  an  impurity 
band  with  delocalized  states  and  metallic  characteristic.  At  high  temperatures  intrinsic  conduction 
is  observed  above  600K  [30]  i.e.  at  much  higher  temperatures  than  in  undoped  single  crystals. 

THERMOPOWER 


Undoped  B-FeSip  Single  Crystals 


Fig.6  shows  the  vmexpected  result,  that  the  thermopower  of  undoped  P-FeSb  changes  sign 
with  inrceasing  purity  of  the  source  material  for  the  crystal  growth.  Single  crystals  prepared  with 
4N  Fe  show  a  positive  thermopower,  but  those  prepared  with  5N  Fe  negative  thermopower.  The 
samples  of  Fig.6  have  been  prepared  with  stoichiometric  source  material,  p-type  conductivity  is 
usually  foxmd  also  in  undoped  polycrystalline  P-FeSh  thin  films  and  bulk  material  made  by 
commercially  available  Fe  of  4N  or  less  purity.  The  p-type  conductivity  of  undoped  P-FeS^  is 
obviously  caused  by  unintentional  doping  and  not  by  intrinsic  defects.  According  to  Fig.6  intrinsic 
defects  are  expected  to  be  donors. 

The  magnitude  as  well  as  the  general  temperature  dependence  of  the  thermopower  S(T)  is 
obviously  independent  of  the  conductivity  type.  At  low  temperatures  S(T)  remains  very  small 
near  zero  up  to  about  70K,  increases  sharply  up  to  values  of  /S/  =  500...800pV/K  at  150K  and 
shows  a  weak  temperature  dependence  up  to  room  temperature.  Room  temperature  values  are 
usually  within  450pV/K  and  900pV/K  and  with  that  much  larger  than  in  most  polycrystallme 
material  (see  Table  I  and  Fig.  1). 

In  Fig.  7  the  thermopower  S(T)  is  compared  of  undoped  single  crystals  prepared  with  excess 
of  Si  and  Fe,  respectively.  The  two  groups  of  crystals  exhibit  different  magnitudes  and 
temperature  dependences  of  S(T).  In  samples  of  the  Si-rich  phase  boxmdary  the  thermopower 
increases  with  decreasing  temperature  to  a  maximum  between  100  and  150K  or  increases  further 
up  to  values  /S/  >  2000pV/K  at  lOOK  These  large  values  of  the  thermpower  can  not  be 
explained  by  an  usual  dififtision  thermopower.  Phonon  drag  effects  should  play  an  important  role 
[44].  The  slope  of  the  increase  of  /S(T)/ocT"  below  300K  is  given  by  n=-0.8...-1.2. 
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Fig.6  Thermopower  of  undoped  P-FeSi2  single  Fig.7  Thermopower  of  undoped  P-FeSt  single 
crystals  prepared  with  4N  and  5N  Fe  crystals  prepared  with  excess  of  Fe  and  Si 
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The  different  behaviour  of  S(T)  of  the  both  groups  of  crystals  corresponds  to  the  different 
behaviour  of  the  resistivity  (Fig.3):  (i)  Below  room  temperature  the  thermopovver  /S/  increases  or 
remains  approximately  constant  as  long  as  the  resistivity  increases  according  to  the  activation 
energy  of  the  shallow  donor,  (ii)  The  small  thermopower  is  found  in  the  temperature  range  of  the 
impurity  hand  conduction. 

In  this  picture  the  strong  change  of  the  thermopower  in  the  range  between  1 OOK  and  1 50K  is 
the  result  of  the  transition  from  usual  band  conduction  to  impurity  band  conduction. 


T,  K  (log  scale)  T, 

Fig. 8  Absolute  value  of  the  thennopower  Fig.9  Thermopower  of  undoped  and  Co- 
of  doped  P-FeSi2  single  crystals  doped  P-FeSi;  single  crystals 

The  thermopower  in  doped  p-FeSi2  single  crystals  exhibit  the  same  general  features  as  in 
undoped  crystals.  In  agreement  with  the  behaviour  of  polycrystalline  material  doping  with  Co  and 
Ni  yielded  n-type  and  doping  with  Cr  and  Mn  p-type  crystals.  Common  characteristics  of  S(T) 
can  be  derived  from  Fig.  8.  Independent  of  the  doping  element  and  of  the  conductivity  type  the 
strong  increase  of  S(T)  from  70K  to  I50K  can  be  described  by  /S/ccT"  with  n=:6.  Also  the 
temperature  dependence  of  S(T)  below  300K  is  similar  in  most  samples  and  given  by  the  same 
exponent  n«-0.9  as  in  undoped  crystals.  Therefore,  the  low  temperature  maximum  seems  to  be  a 
general  charactristic  of  high  quality  P-FeSij  single  crystals.  But  it  can  be  suppressed  e  g.  by 
intrisic  defects  as  in  undoped  samples  of  the  Fe-rich  phase  boundary.  TTie  most  pronounced 
maximum  was  found  in  the  Co-doped  crystal  with  ca,=0,5at%  prepared  with  5N  Fe. 

At  temperatures  above  300K  the  thermopower  remain  approximately  constant  until  the  onset 
of  intrinsic  conduction  at  TadOO  in  undoped  and  TabOOK  in  doped  single  crystals  (Fig.  9). 

HALL  MEASUREMENTS 


Hall  Mobility 


The  hitherto  existing  Hall  measurements  on  P-FeSi2  gne  an  inconsistent  picture.  In 
polycrystalline  P-FeSi2  the  hole  mobility  at  room  temperature  was  found  to  lie  between  2  and 
8cm^Afs  [5,7,10,22,38],  but  hole  mobilities  up  to  lOOcm^/Vs  were  measured  in  epitaxial  films  of 
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high  structural  order  deposited  onto  Si  single  crystals  [25,39],  These  high  mobdity  values  are 
very  probably  caused  by  the  substrate  which  has  a  sheet  resistance  in  the  same  order  of 
magnitude  as  the  P-FeSb  film.  For  the  electron  mobility  much  smaller  values  of  0.26  to 
O.SlcmWs  have  been  found  [5,7,10]  which  were  explained  by  small  polaron  conduction.  In 
polycrystalline  bulk  material  the  hole  mobility  decreases  for  T>300K  according  to  pocT“"  with  nss 
2  and  the  electron  mobihty  was  found  to  remain  approximately  constant  [7, 10], 

The  present  controversial  discussion  of  the  Hall  mobility  of  p-FeSia  is  the  result  of  different 
conclusions  which  were  drawn  from  the  observed  field  dependence  of  the  HaU  resistivity  in  both 
polycrystalline  and  single  crystalline  samples.  Hall  measurements  on  p-type  single  crystals  [28] 
have  been  analysed  considering  both  a  shallow  and  deep  acceptor  level.  Hole  mobihties  were 
found  at  room  temperature  of  about  20cm^A7s  which  increase  with  decreasing  temperature 
according  to  pocT”"  with  n>3,  reach  a  maximum  below  lOOK  and  then  decrease.  The  position  and 
absolute  height  of  the  maximum  depend  on  the  crystal  quality.  A  maximum  value  of  1200cmWs 
was  found  at  about  80K  In  [29]  similar  results  on  p-type  single  crystals  were  obtained:  hole 
mobihties  n(300K)  up  to  30cm^A^s,  an  exponent  n  between  2  and  3.6  depending  on  the  purity  of 
the  basis  material,  maximum  values  p»450cmWs  at  150K.  The  strong  temperature  dependence 
of  p(T)  can  only  be  described  by  phonon  scattering  if  optical  phonons  dominate.  Because  of  the 
large  number  of  low  energy  optical  phonons  in  P-FeSi2  this  shoidd  he  possible  also  at  low 
temperatures. 

Also  the  electron  mobihty  of  p-FeSia  single  crystals  was  found  to  be  much  larger  than  in 
polycrystalhne  samples.  On  the  basis  of  a  two  band  model  to  account  for  the  observed  non-linear 
dependence  of  the  Hah  .voltage  on  the  magnetic  field  electron  mobihties  of  1.6  to  3.6cmWs  at 
300K  were  calculated  [27], 


Non-linear  HaU  ResistKitv 

A  non-linear  dependence  of  the  Hall 
voltage  on  the  magnetic  field  was  observed  in 
n-type  single  crystals  and  thin  film.s  below 
room  temperature  as  weU  as  in  p-type  thin 
films  below  250K  and  p-type  single  crystals 
below  200K  [27,29,40-42],  The  non-linear 
Hah  resistivity  Ph(B)  has  been  analysed  in  [40] 
assuming  the  existence  of  an  anomalous  Hah 
effect  due  to  magnetic  ordering  at  low 
temperatures.  Both  the  normal  and  anomalous 
HaU  coefficients  Ro  and  Ri  decrease  with 
increasing  temperature.  Their  ratio  Ri/Ro  also 
decreases  fi'om  about  10  at  20K  to  zero  at 
250K.  These  values  range  between  the  extrema 
for  ferromagnetic  semiconductors  and  metals. 
But  in  [27]  the  non-linearity  was  explained 
using  a  two-band  model. 

Systematic  investigations  of  the  non-linear 
HaU  resistivity  on  thin  films  and  single  crystals 
[41,42]  revealed  characteristic  similarities  in 
the  general  behaviour  of  both  types  of  samples 
hut  a  more  pronounced  non-linearity  in  single 
crystals.  In  Fig.  10  the  results  obtained  on  thin 
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films  are  summarized:  the  curvature  of  pii(B)  as  a  measure  of  the  non-linearity  decreases  with 
increasing  temperature  in  all  films  in  the  same  manner  independent  of  doping  and  disorder  [42], 
The  Hall  resistivity  of  doped  single  crystals  is  shown  in  Fig.l  1,  Non-linear  behaviour  is  found  in 
both  n-type  and  p-type  erystals  almost  up  to  room  temperature,  but  in  n-type  crystals  the  effect  is 
stronger  and  shows  a  more  complicated  field  dependence.  Especially  a  negatwe  Hall  constant 
was  only  observed  at  high  fields  and  high  temperatures. 
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Fig.  1 1  Hall  resistivity  of  a  p-type  Cr-doped  and  a  n-type  Co-doped  P-FeSi2  single  crystal 
(note  the  scaling  factor  of  the  data) 

In  doped  single  crystals  in  addition  to  the  non-linear  behaviour  of  pii(B)  a  strong  hysteresis 
effect  was  found  below  130K.  This  hysteresis  was  observed  in  both  n-type  and  p-type  crystals 
[1,41,42].  The  width  of  the  hysteresis  loop  decreases  with  increasing  temperature  and  vanishes 
above  130K.  This  result  suggests  that  a  remanent  magnetization  exists  in  the  field  direction  at 
low  temperatures  and  that  the  non-linearity  at  higher  temperatures  is  also  caused  by  an 
anomalous  Hall  effect. 

But  first  magnetization  and  magnetic  susceptibility  measurements  [43]  did  not  confirm  this 
suggestion.  There  is  a  hint  for  an  antiferromagnetic  interaction  in  P-FeSi2  but  not  for  a  strong 
remanent  magnetization.  On  the  other  hand  the  explanation  of  the  non-linear  Hall  resistivity  by  a 
two  band  model  is  inconsistent  with  the  experimental  data  [42].  Further  work  is  necessary'  to 
solve  this  problem.  But  mobility  values  and  carrier  concentrations  are  questionable  which  were 
derived  from  Hall  measurements  without  taking  into  account  the  non-linear  Hall  resistivity.  Hall 
data  above  room  temperature  are  scarce  [5,7]  and  still  not  known  from  P-FeSi2  single  crystals. 

CONCLUSIONS 

The  thermoelectric  properties  of  polycrystalline  P-FeSi2  have  been  optimized  by  several 
authors  with  basis  material  of  4N  purity  or  less  in  case  of  Fe.  Efficient  material  was  obtained  by 
doping  with  Co  (n-type)  and  A1  and  Mn  (p-type).  But  unintentional  doping  has  a  strong  influence 
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on  the  transport  behaviour.  It  was  shown  that  the  investigation  of  P-FeSi2  single  crystals  can  help 
to  avoid  unintentional  doping  and  to  provide  a  basis  for  further  appHed  research  provided  that 
very  pure  source  material  is  used. 

It  has  been  shown  that  in  undoped  single  crystals  prepared  with  5N  Fe  both  electrical 
conductivity  and  thermopower  depend  on  the  composition  within  the  homogeinity  range  of  P- 
FeSh  which  is  explained  by  different  intrinsic  defects  at  the  Si-rich  and  Fe-rich  phase  botmdaries. 
In  both  imdoped  and  doped  single  crystals  impurity  band  conduction  is  observed  at  low 
temperatures  and  extrinsic  behaviour  determined  by  shallow  impurity  states  above  lOOK.  The 
thermopower  shows  between  lOOK  and  200K  a  significant  phonon  drag  contribution.  Much 
larger  values  of  the  thermopower  have  been  obtaine  as  known  from  polycrystaUine  material. 

A  serious  still  unsolved  problem  is  the  non-linear  Hall  resistivity  foimd  below  room 
temperature  in  single  crystalline  and  polycrystalline,  undoped  and  doped  P-FeSb.  The  explanation 
of  this  non-linearity  by  an  anomalous  Hall  effect  is  mainly  based  on  a  low  temperature  hysteresis 
effect.  But  new  results  on  the  magnetic  susceptibility  does  not  confirm  this  assumption. 

The  chemical  vapour  transport  was  successfully  used  to  obtain  imdoped  and  doped  single 
crystals  of  high  purity  and  defined  stoichiometry  within  the  homogeinity  range  of  P-FeSi2. 
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Abstract 

We  report  on  the  fabrication  of  p-type  P-FeSi^  layers  on  n-type  Si(lOO)  substrates  and  the 
investigation  of  their  p-n  diode  characteristics.  Since  our  undoped  p-FeSi^  layers  have  typically  shown 
n-type  conductivity,  the  p-type  layers  were  formed  by  the  introduction  of  Mn  impurity  into  p-FeSi^ 
layers  using  two  types  of  doping  methods;  one  is  an  Electron-Beam-Deposition  (EBD)  procedure  of 
Fe^  jMn^Sij  {X  <  -0.1)  at  room  temperature  and  subsequent  annealing  at  900  °C  for  1-120  min,  where 
FeSij  ingots  added  with  Mn  (~  10  %)  were  used  as  starting  materials.  The  other  is  a  ^*Mn*-implantation 
into  P-FeSij  layers  formed  by  EBD  and  subsequent  annealing  at  850  °C  for  1-120  min. 

From  van  der  Pauw  measurements,  p-type  P-Fe^  j^n^Sij  layers  with  the  resistivity  of  0.0036- 
0.03 1  tl'cm  and  hole  mobility  of  1 1 .9-89.0  cmW ‘see  were  found  to  be  successfully  formed  on  n-Si 
substrates  by  both  doping  methods.  The  p-n  diode  characteristics  of  these  heterostructure  diodes  were 
investigated  by  I-V  and  C-V  measurements.  The  results  indicate  that  the  carrier  distribution  does  not 
agree  with  either  ideal  one-side  step  or  one-side  slop  junctions,  although  optical  transmittance  and 
reflectance  measurements  indicate  that  the  silicide/Si  interface  is  of  good  quality. 

Introduction 

Transition-metal  sUicides  with  low  electrical  resistivity  and  high  chemical  stability  have  recently 
been  of  great  importance  as  materials  for  contacts  and  gates  to  Si  in  VLSI  devices.  On  the  "other  hand, 
nine  types  of  silicides  with  semiconducting  properties  are  currently  known  :  CrSi^,  MnSi, ,,  p-FeSi^, 
RuSij,  ReSij,  OsSi,  OsSi^,  Os^Sij  and  h-jSi,,  which  have  band-gap  energies  from  0.12  to  2.30  eV  [1]. 
Among  them,  P-FeSi^  has  attracted  increasing  attention  as  a  new  material  for  (1)  thermoelectric  device 
[2]  because  of  relatively  large  Seebeck  coefficient  tind  (2)  optoelectronic  devices  such  as  solar  cell  and 
infrared  detector  due  to  its  chemical  stability  at  higher  temperatures,  non-toxicity,  low  cost  and  a  strong 
optical  absorption  coefficient  (about  lO’  cm  '  near  1  eV  [3]-[5]).  In  recent  reports  on  the  electrical 
characterizations  of  thin  films  fabricated  by  SPE  (Solid  Phase  Epitaxy)  [6],  MBE  (Molecular  Beam 
Epitaxy)  [7],  and  CVD  (Chemical  Vapor  Deposition)  [8],  low  hole  mobility  of  2-10  cmW»sec  and  high 
carrier  concentration  in  the  range  of  10'*-  lO'"  cm  *  were  demonstrated,  and  the  former  low  hole  mobility 
was  suggested  to  be  due  to  the  influence  of  electron  phonon  scattering  effect  [9]  [10].  These  values  are 
typical  for  P-FeSi^  layers  [11].  There  are,  however,  several  exceptional  data  that  high  hole  mobilities  of 
107  and  128  cmW*sec  were  observed  from  BBS-  and  MBE-  grown  P-FeSi^  layers  [11],  and  the  reason 
for  this  observation  remains  uncertain.  In  addition,  most  of  these  P-FeSi^  layers  mentioned  above  showed 
p-type  conductivity.  Nevertheless,  our  P-FeSi^  layers  fabricated  on  n-Si(lOO)  substrates  using  EBD 
have  typically  shown  n-type  conductivity,  which  also  remains  unresolved. 

The  purpose  of  this  study  is  1)  to  make  p-type  P-Fe^  j^Oj^Si^  layers  on  n-type  Si(lOO),  2)  to 
investigate  their  p-n  diode  characteristics  and  3)  to  clarify  the  origin  of  n-type  conductivity  observed 
from  our  undoped  P-FeSi^  layers.  Their  electrical  and  optical  properties  were  investigated  by  van  der 
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Pauw,  reflectance,  transmittance  and  Raman  scattering  measurements,  and  the  diode  characteristic  was 
measured  by  I-V  and  C-V  techniques. 

Experimental 

Fe^j^Uj^Si^  layers  were  grown  on  (100)-oriented  single -crystal  Si  wafers  having  a  thickness  of 
about  380  |xm  with  resistivity  p>10^  tl*cm.  Introduction  of  Mn  atoms  into  FeSi,  layers  was  performed 
by  using  two  different  types  of  doping  methods.  One  is  an  all  electron  beam  deposition  procedure  of 
Fe^  ([all-EBD]).  The  other  is  Mn*  implantation  into  FeSi^  layers  that  were  prepared  by  EBD 

([EBD-rP]).  The  Si  substrates  were  first  degreased  with  organic  solvents.  After  being  rinsed  in  high- 
purity  water,  they  were  etched  in  diluted  solution  for  10  min  (HEiH^O  =1 :50)  before  being  loaded  into 
the  evaporation  chamber  with  the  base  pressure  of  about  5x10’  Torr.  For  a  fabrication  of  [all-EBD] 
samples,  Fe^j^Mnj^Sij  layers  (X<~0.1)  were  then  deposited  on  the  Si  substrates  at  room  temperature 
(R.T.)  by  evaporating  FeSi^  ingots  added  with  ~10  %  Mn  flakes  using  a  single  electron-gun  evaporation 
system,  which  gives  an  estimated  silicide  thickness  of  about  500  nm.  These  samples  were  subsequently 
annealed  at  7"  =  900  °C  for  =  1-120  min  using  an  infrared  gold  image  furnace  under  constant  high 
purity  Ar*  gas  flow.  For  comparision,  Fe^  j^n^i^  layers  (X<~0.03)  with  thickness  of  300  nm.  defined 
as  [EBD+P]  samples,  were  fabricated  by  400  keV  ’^Mn*  ion-implantation  [Mn*  dose  1.6x10'''  cm  ’] 
into  the  EBD-grown  FeSi^  layers,  which  were  annealed  at  800  °C  for  1  min  before  implantation  and  at 

T  =850°Cforr^=  1-120  min  after  implantation. 
The  total  samples  used  for  this  study,  labeled  as 
A-I  with  different  fabrication  procedures  and 
different  annealing  procedures  are  listed  in  Table.  1 . 

For  the  phase  determination  of  silicide  layers, 
X-ray  diffraction  (XRD)  measurements  were 
carried  out,  where  the  incident  angle  of  the  CuKa 
source  radiation  was  maintained  at  2.83  degree 
to  the  surface  so  as  to  obtain  a  Si  (3 1 1 )  diffraction 
as  a  reference.  Raman  scattering  measurements 
were  performed  at  R.T.  in  backscattering 
geometry  using  the  514.5  nm  line  of  an  Ar*  la,ser 
to  investigate  the  crystalline  quality  of  the  Fc, 
^n^.Sij  layers.  Transmittance  and  reflectance 
measurements  were  performed  in  the  range  of  0.4- 
1 .1  eV  with  DA8  FT-spectrometer,  using  a  double- 
polished  Si  substrate  and  Au  reflecting  mirror  as 
a  reference,  respectively.  Their  electrical 
conductivity,  carrier  concentration  and  mobility 
were  measured  by  van  der  Pauw  technique  in 
magnetic  fields  of  10k  gauss.  Ohmic  contact 
electrodes  were  formed  by  placing  small  Indium 
shot  on  the  silicide  films  and  by  alloying  them 
with  supersonic  solder.  The  p-n  diode 
characteristic  was  investigated  using  conventional 
I-V  and  C-V  techniques. 


Table.  1  Nine  samples  labeled  as  A-I  prepared  by  two 
types  of  fabrication  methods;  Fe^yvIn^Sij  layers  were 
formed  on  Si(lOO)  either  by  (1)  conventional  EBD 
method  and  subsequent  annealing  at  900  °C  for  1-120 
min  or  (2)  Mn*  ion  implantation  into  the  EBD-grown 
FeSij  layers  and  subsequent  annealing  at  850  °C  for  I- 
120  min,  where  FeSij  layers  were  first  annealed  at  800 
"C  for  1  min  before  implantation  . 


Sample 

Method 

T  [°C] 

t,  [min] 

A 

all-EBD 

as  -  grown 

B 

all-EBD 

900 

1 

C 

all-EBD 

900 

30 

D 

all-EBD 

900 

60 

E 

all-EBD 

900 

120 

F 

EBD-f  E 

850 

1 

G 

EBD-f  E 

850 

30 

H 

EBD-f  E 

850 

60 

I 

EBD-f  E 

850 

120 
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Results  and  Discussion 


Figure  1  shows  the  annealing  time  dependence  of  XRD  spectra  obtained  from  four  samples  B-E 
fabricated  using  [all-EBD]  procedures,  which  were  isothermally  annealed  at  900  °C.  By  comparing 
these  spectra,  we  can  recognize  that  polycrystalline  (3- 
Fe^gMni,  ^Si^  thin  films  are  formed,  although  the  as-grown 


25  30  35  40  45  50  55 

2  0  (degree) 

Fig.  1  Annealing  time  dependence  of  XRD  spectra  obtained  from 
four  samples,  B  with  =  1  min,  C  with  =  30  min,  D  with  r, = 60 
min  and  E  with  t  =  120  min,  which  were  all  annealed  at  900  "C. 


Fig.  2  Raman  scattering  spectra  obtained  from 
samples,  C  with  r^  =  30  min,  D  with  r,  =  60  min,  E 
with  r  =  120  min,  which  were  annealed  at  900  °C. 


sample  exhibits  an  amorphous  structure.  In  this  figure,  the  signal  from  Si  ( 1 1 1 )  due  to  the  Si  agglomeration 
in  the  P-Fe^,  jMnj  jSij  thin  films  by  the  high  temperature  annealing  is  also  observed  [4]. 

Figure  2  shows  Raman  scattering  spectra  of  the  same  samples  C-E  as  those  used  in  Fig.  1.  In  Fig 
.  2,  two  intense  signals  due  to  Fe-Si  vibrational  mode  are  observed  from  each  spectrum  at  198  and  248 
cm  ‘,  indicating  that  P-FCg  ^Mn^  ,Sij  layers  obtained  are  of  good  crystalline  quality.  On  the  other  hand, 
the  other  signal  observed  at  524  cm  '  is  attributed  to  Si-Si  bonding,  suggesting  that  the  Si  agglomeration 
discussed  above  was  formed  in  the  P-Fe^gMUj,  jSi^  layers. 

Near-infrared  reflectance  and  transmittance  spectra  for  the  P-Fe^gMOu  jSi^  layers  obtained  from 
two  samples  B  and  E  are  shown  in  Fig.  3.  For  photon  energies  below  0.9  eV,  the  reflectance  spectra 
show  constmctive  and  destructive  interferences,  which  are  caused  by  the  multiple  internal  reflections 
between  the  surface  and  the  P-Fe^  ^Mn^  iSyn-Si  interface.  An  occurrence  of  these  interferences  in  thin 
filmes  indicates  that  the  interfaces  are  of  good  quaUty,  i.e.,  flat  interfaces,  from  an  optical  point  of  view 
[12].  The  interferences  mnning  in  these  samples  become  weakened  with  increasing  annealing  time, 
indicating  that  the  long-time  annealing  degrades  the  flatness  of  the  interface.  The  optical  absorption 
spectra  (a)  can  be  calculated  from  both  measured  reflectance  and  transmittance  data  using  eq.(l); 


axd  =  ln[(J-R/T)]  (1) 

where  d  is  the  thickness  of  silicide  layers,  R  and  Tare  the  measured  reflectance  and  transmittance 
data,  respectively.  The  linear  part  in  the  relation  (axdf  of  two  samples  B  and  E  as  a  function  of  photon 
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energy  hv  indicated  a  direct  transition.  By  the 
extrapolation  of  the  linear  part  to  x-axis,  a  direct  band 
gap  of  =  0.86-0.87  eV  was  determined.  These 
values  are  in  good  agreement  with  those  previously 
reported  on  P-FeSi^  thin  films  fabricated  by 
deposition  technique  [4].  Optical  absorption 
coefficients  of  these  samples  near  the  absorption 
edge  are  estimated  to  be  about  10'  cm  '  from  eq.(l), 
suggesting  that  these  silicide  layers  have  a  potential 
feature  for  the  fabrication  of  solar  cell  and  IR 
detector. 

Although  our  P-FeSi^  layers  fabricated  on  n- 
type  Si  substrates  without  doping  of  Mn  have  so  far 
shown  n-type  conductivity,  P-Fe^^^Mn^j  ^Si^  thin  films 
formed  on  n-Si  substrates  using  two  types  of  doping 
methods  were  successfully  converted  to  p-type 
conductivity.  Figures  4(a)  and  4(b)  show  the 
annealing  time  dependence  of  the  hole  mobility,  i\ 
and  the  hole  concentration,  for  samples  B-1,  which 
were  doped  with  Mn  using  solely  EBD  (Fig.  4(a)) 
or  ion  implantation  (Fig.  4(b)).  The.se  data  were 
obtained  using  van  der  Pauw  technique  at  R.T.. 
Between  two  Figs  4(a)  and  4(b),  no  significant 
change  in  hole  mobility  and  hole  concentration  is 
observed.  In  both  figures,  however,  the  decrease  of 
hole  concentration  and  the  increa.se  of  hole  mobility 
can  be  seen  in  the  range  of  from  30  to  120  min. 
This  reason  is  considered  to  be  due  to  the 
compensation  of  hole  carrier  by  residual  donor 
impurity  diffused  from  Si  (100)  substrate,  where  the 
donor  is  confirmed  to  be  phosphorus  from 
photolumine.scence  measurements.  The  typical  hole 
concentration  of  samples  prepared  in  this  work  is  in 
agreement  with  that  ( 1 .6x10”  cm'-’)  of  Fep^Mn^uiSij 
layers  formed  by  ion  beam  synthesis  (IBS)  [  1 1  ].  The 
strong  discrepancy  of  two  doping  methods  lies  in 
grown  samples,  the  hole  carriers  (7.5-34.0x10'"  cm 


Photon  energy  (eV) 

Fig.  3  Ncar-infracd  transmittance  and  reflectance 
spectra  obtained  from  two  samples.  B  with  q  =  1  min 
shown  in  Fig.  3  (a)  and  E  with  r^=  120  min  shown  in 
Fig.  3  (b).  which  were  annealed  at  900  °C. 

the  activation  ratio  of  Mn  impurity.  In  [all-EBD]- 
■’)  activated  in  these  silicide  layers  arc  considerably 


lower  than  the  initial  amount  of  Mn  impurity  (2.5x10”  cm'’)  corresponding  to  the  component  ratio  of 
X=0.1.  One  possible  explanation  for  the  observed  low  activation  ratio  is  due  to  the  formation  of 
Manganese  silicide  in  P-Fe^j^Mn^  iSij  layers.  The  concentration  and  the  distribution  of  Mn  doped  in  P- 
Feg^Mn,,  ^Si^  layers  are  not  clear,  and  thus,  they  arc  still  open  to  investigation  using  SfMS  and  RBS.  In 
contrast,  the  activation  ratio  of  [EBD-i-F]-grown  samples  is  a  few  tens  times  higher  than  those  of  [all- 
EBD]-grown  samples. 


270 


ANNEALING  TIME  (min)  ANNEALING  TIME  (min) 


Figs.  4(a)  and  4(b)  Annealing  time  dependence  of  the  hole  mobility  and  the  hole  concentration  in 
P-Fe^  ^njjSij  layers  prepared  by  [all-EBD]  (4a)  or  [EBD+F]  (4b)  procedure  with  T  =  900  "C  and 
850  °C,  respectively. 

Figure  5(a)  shows  I-V  characteristic  on  p-P-FCj^Mn^iSi^/n-Si  heterostructure  diode  for  sample 
C,  which  was  prepared  by  [all-EBD]  procedure  with  T  =  9(X)  °C  and  =  30  min.  The  rectification 
property,  which  is  of  great  importance  in  p-n  junction,  can  be  seen  from  this  figure,  indicating  that  p*-n 
junction  diode  is  formed.  Such  a  rectification  property  is  also  seen  from  the  result  of  C-V  measurement 
on  p-p-Fe^  jMn^j  iSi^/n-Si  diode  as  shown  in  Fig.  5(b).  The  voltage  dependence  of  junction  capacitance 
for  an  ide^  junction  is  typically  given  by  eq.(2) 


Coc(V,,-V)-"  (2) 


VOLTAGE  V  (V)  VOLTAGE  V  (V) 


Figs.  5(a)  and  5(b)  I-V  characteristic  (5(a))  and  C-V  characteristic  (5(b))  of  p-P-Fej,Mn|,|Si/n-Si 
heterostructure  diode  fabricated  using  [all-EBD]  procedure  with  7  =  900  °C  and  I  =  30  min. 
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In  eq.(2),  V|j.  denotes  built-in  voltage  and  exponent  n  typically  equals  to  2  in  the  case  of  an  ideal 
one-side  step  junction  and  to  3  in  the  case  of  an  ideal  one-side  slope  junction.  The  relations  of  l/C*  and 
1/C’  as  a  function  of  reverse  voltage  are  not  linear,  indicating  that  the  impurity  distribution  in  obtained 
junction  is  not  ideal  in  spite  of  the  good  quality  of  the  (i-Fe^j^Mn^  iSi^/n-Si  interfaces,  which  were  suggested 
from  the  optical  measurements.  This  problem  is  also  open  to  studying  in  the  future. 

Conclusions 

Polycrystalline  p-type  P-Fe,  ^Mn^^Si^  (X<0.1)  layers  were  fabricated  on  n-SiflOO)  substrates  using 
two  types  of  Mn-doping  methods  followed  by  thermal  annealig  up  to  T  =  900  °C  :  [all-EBD]  procedure 
and  MnMmplantation  into  EBD-grown  P-FeSi^  layers.  In  both  cases,  the  decreases  of  hole  concentration 
with  increasing  annealing  time,  were  observed  in  the  range  of  =  30-120  min.  This  was  interpreted  by 
the  compensation  of  residual  donor  impurity  diffused  from  Si  substrates,  which  could  be  the  reason  of 
n-type  conductivity  typically  observed  from  undoped  P-FeSi^  layers  on  n-Si  substrates. 

I-V  and  C-V  characteristics  of  the  p-P-Fc^^Mn^,  ^Sij  /  n-Si  heterostructure  diode  with  7  =  900  'C 
and  r  =  30  min  showed  a  rectification  property.  This  shows  that  thermal  controlling  devices  and  solar 
cells  fabricated  using  P-FcSi^  can  assemble  into  a  Si  integrated  circuit.  The  dependences  of  1/C’  and  1/ 
C’  on  the  reverse  voltage  were  not  linear,  suggesting  that  the  carrier  distribution  dose  not  agree  with 
either  ideal  step  junction  or  ideal  slope  junction,  although  reflectance  measurements  indicated  that  the 
silicide/n-Si  interfaces  were  of  good  quality. 
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ABSTRACT 

|3-FeSi2  is  a  promising  material  for  the  application  of  various  electronic,  optoelectronic  and 
energy  devices.  We  present  here  the  semiconducting  properties  of  P-FeSh  films  on  Si(lOO) 
substrate  prepared  by  laser  ablation  method.  Samples  were  grown  using  poly-crystalline  bulk  P- 
FeSi2  prepared  by  horizontal  gradient  freeze  method.  For  the  monitoring  of  growth,  in-situ 
observation  of  ablation  plume  was  made  through  fluorescence  spectroscopy.  Reflection  of  high- 
energy  electron  beam  diffraction  (RHEED)  was  also  made  in-situ  to  see  the  surface  morphology. 
Characterization  of  the  films  by  X-ray  diffraction  presented  purely  P(220)  orientation.  Raman 
scattering  measurements  at  room  temperature  also  indicated  that  the  grown  films  are 
semiconducting  P-FeSiz.  Optical  absorption  spectra  at  room  temperature  showed  absorption 
coefficient  higher  than  10^  cm"'  above  the  band-gap  (~1.2  eV).  It  was  revealed  that  high  quality 
semiconducting  P-FeSh  films  can  be  fabricated  by  laser  ablation  method  without  post-annealing. 


INTRODUCTION 

Recently,  much  attention  has  been  directed  to  p-FeSb  thin  films  grown  on  Si  substrates  as  a 
next  generation  versatile  semiconductor  material.  Among  multiple  intermetallic  Fe-Si  alloys,  P- 
FeSiz  (a=9.863,  b=7.791,  c=7.833,  orthorhombic:  Dzh)  exhibits  semiconducting  behaviors  with 
direct  band-gap  (Eg)  of  -0.875  eV  [1-2].  Optical  absorption  coefficient  of  P-FeSiz  which  is 
induced  resonance  absorption  from  localized  Fe(d)  electron-LO  phonon  interaction  attains  to  be 
higher  than  -10^  cm  '.  This  high  optical  absorption  coefficient  and  the  above  value  of  direct  band- 
gap  energy  are  attractive  features  for  the  fabrication  of  optoelectric  and  energy  devices  [3].  The 
system  of  Fe-Si  alloys  involves  a,  p,  y  and  e-phases.  The  tetragonal  a-phase  (FezSis)  is  metallic 
and  stable  between  937  °C  and  1220  °C.  e-FeSi  is  a  dilute  magnetic  metal  (Kondo  insulator)  [4]. 
The  mixture  between  rare  earth  element  (RE)  and  Fe-Si  alloy  such  as  REzFesSis  [5]  behaves  as  a 
superconducting  material  and  in  addition  it  shows  negative  magnetoresistance  effect,  reflecting  the 
existing  localized  electrons  in  the  lattice  [6].  It  is  therefore  of  great  importance  to  investigate  P- 
FeSiz  in  order  to  elucidate  a  variety  of  interesting  physical  properties.  Large-size  homogeneous  P- 
FeSiz  bulk  crystal  is  normally  difficult  to  be  grown  due  to  the  complicated  phase  diagram  [7].  The 
difficulties  are  attributed  to  the  presence  of  eutectic  reaction,  pertectic  reaction  and  Daltonide  type 
stoichiometric  width  of  Fe-Si  system.  High-quality  P-FeSiz  tJulk  crystal  can  be  used  not  only  as  a 
target  material  for  laser  ablation  (LA)  but  also  a  standard  sample  for  the  measurements  of  optical 
absorption  spectra  in  the  low  absorption  coefficient  regime.  Further  if  single  crystal  of  P-FeSiz  is 
obtained,  it  can  be  used  also  as  a  substrate  for  epitaxial  growth.  We  performed  the  growth  of  the 
P-FeSiz  bulk  crystals  by  horizontal  gradient  freeze  (HGF)  method  using  molten  material  [8]. 
Compared  with  various  thin  film  growth  methods,  LA  method  has  several  unique  advantages  such 
as  capability  of  high  stoichiometry  control,  possibility  of  low  growth-temperature,  crucible  free 
technology  which  avoids  the  contamination  from  crucible  materials.  Using  the  above  poly¬ 
crystalline  bulk  P-FeSiz,  we  prepared  single-phase  P-FeSiz  thin  films  by  LA  method  [9].  We 
present  here  the  structural  and  optical  properties  of  P-FeSiz  films  grown  on  Si(lOO)  substrates. 
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EXPERIMENTAL 


The  schematic  diagram  of  LA  apparatus  used  in  our  study  is  shown  in  Fig.l.  LA  apparatus 
consists  of  growth  and  preparation  chambers  and  their  pressure  were  5.0x10  '^  Torr  and  S.OxiO  ^ 
Torn  respectiveiy.  FZ  (floating  zone)-Si(l  00)  wafers  with  high-resistance  (p  =  1x10^  Qcm)  were 
used  as  substrates  for  LA  experiments.  Prior  to  growth,  chemical  treatment  of  Si  substrate  surface 
was  done  first  by  ethanol  (C2H5OH)  for  cleaning  using  supersonic  cleaner,  then  by  HF  (FIF  : 
FI2O  =1  :  50)  for  etching  and  finally  by  pure  water  for  rinsing.  By  this  treatment,  hydrogen 
terminated  Si  substrate  surface  was  confirmed  to  be  formed.  After  this  treatment,  Si  substrate  was 
introduced  into  preparation  chamber  for  evacuation  and  de-gassing  and  then  transferred  into 
growth  chamber.  Poly-crystalline  P-FeSi2  targets  grown  by  FIGF  method  were  also  transferred 
into  growth  chamber  and  were  placed  at  multi-target  holder.  Target  materials  were  rotated  at  10 
rpm  under  ultra  high  vacuum  (UHV). 

The  self-emission  from  laser-ablated  P-FeSi:  plume  was  collected  by  quartz  lens  and  quartz 
fiber  through  quartz  window  equipped  with  the  LA  growth  chamber.  The  focused  light  from 
excimer  laser  (Lambda  Physik  EMG  201,  ArF  :  k  =  19.5  nm,  laser  power  =  80  mJ,  repetition 
frequency  =  5  Hz)  that  produces  LA  plume  was  introduced  at  irradiation  angle  of  45  degree 
(power  density  =  1  J/cm^)  to  the  normal  of  the  substrate.  The  self-emission  from  LA  plume  was 
observed  by  photospectrometer  (Hamamatsu  Photonics  PMA  -  11).  In-situ  observation  of 
deposited  P-FeSi2  surface  was  made  by  reflection  high  energy  electron-beam  diffraction  (RHEFD) 
at  30  kV.  Under  this  condition,  LA  growth  of  samples  were  performed  for  2  hrs. 

Crystal lograph leal  characterization  of  the  films  was  carried  out  by  X-ray  diffraction  (XRD), 
Raman  scattering  measurements  were  made  at  room  temperature  (R.T.)  using  1-m  focal  length 
double-monocromctcr  (JASCO)  and  the  514.5  nm  line  of  Ar'^  laser.  In  order  to  determine  the 
band-gap  energy  and  the  type  of  optical  transition,  optical  absorption  measurements  were 
performed  at  R.T.  with  Bomcm  -  DA  8  spectrometer  using  a  quartz  halogen  lamp  as  a  light 
source. 


Figure  1.  Schcm.ilic  diagram  of  LA  apparatus.  1.  RHEED  electron  gun.  2.  RIIEED  screen,  .1.  LA  plume,  4, 
electric  bomhardmcni-type  substrate  heating  holder,  5.  multi-target  holder,  6,  plume  light  and  preparation  chamber. 
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RESULTS  AND  DISCUSSION 


A.Diagnosis  of  laser  ablated  plume 

Laser  ablated  particles  in  the  plume  are  classified  into  three  species.  The  first  species  having 
the  smallest  mass  and  fastest  velocity  (kinetic  energy  and  potential  energy  excited  by  laser  beam 
are  2~3  eV  and  1-40  eV,  respectively  )  [10]  form  super-sonic  molecular  beams  and  are  normally 
used  for  obtaining  high  quality  LA  films.  Figure  2  shows  the  self-emission  spectra  from  P-FeSi2 
particles  in  the  LA  plume  under  UHV  condition  [11].  Several  signals  from  the  first  species  were 
observed  in  the  ultra-violet  energy  range  (>  3.0  eV).  It  is  known  that  laser  ablated  particles  are 
ordinarily  ionized  and  present  light  emission.  In  our  configuration  as  is  shown  in  Fig.l,  the 
temperature  elevation  of  the  target  material  due  to  the  radiation  from  the  heated  substrate  holder  can 
be  minimized  by  a  sufficient  separation  of  the  target  from  the  latter.  It  is  expected  the  change  of 
self-emission  spectra  deriving  from  LA  plume  is  generated  due  to  the  temperature  variation  of  the 
LA  target  material.  Emissions,  A,  D,  E  and  F  are  particles  of  Fe  atoms  or  molecules  which  are 
dissolved  by  laser  beam  and  the  remaining  emissions  (B,  C,  G)  are  shows  Fe-Si  related  particles. 


B.Thermal  cleaning  of  Si  substrate  surface 

In  order  to  remove  the  hydrogen-terminated  surface  of  Si  substrate,  the  temperature  of 
substrate  was  raised  as  high  as  1250  °C  using  electron-bombardment  method.  RHEED 
measurements  indicated  that  thermally  cleaned  Si  surface  shows  streaky  (2x1)  pattern,  however, 
subsequently,  RHEED  image  of  sample  showed  SiC  pattern  which  is  produced  by  the 
contamination  of  gas  molecules  generated  from  growth  chamber  during  thermal  cleaning. 


Table  1.  Emissions  and  assignments  in  Fig.2 


Emission 

X(nm) 

Assignments 

A 

251.25 

Fe 

B 

259.54 

Si  or  Fe-Si 

C 

262.23 

Si  or  Fe-Si 

D 

273.99 

Fe 

E 

283.44 

Fe 

F 

287.3 

Fe 

G 

387.16 

Fe-Si 

Wavelength  (nm) 

Figure  2.  LA  plume  spectroscopy  of  p-FeSij  bulk 
crystal  target  at  (a)  focused  position  and  (b)  3cm  off 
position  from  focused  one.  respectively. 


C.Deposition  of  P-FeSi?  film  on  Si(lOO) 

When  the  growth  substrate  temperature,  Tg  was  kept  at  550~650°C  (sample  A)  and  650 
°C~750  °C  (sample  B),  (2x1)  surface  of  P-FeSiz  was  identified  in  the  RHEED  pattern.  Figure  3 
shows  RHEED  pattern  of  P-FeSiz  film  on  Si(lOO)  substrate.  The  heteroepitaxial  relationship,  P- 
FeSi2(100)/Si(001)  with  P-FeSiz[100]  ||  Si<110>  is  often  defined  as  type  A  (Tg=300~550  °C) 
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and  type  B  (Tg~75()  "C)  [12].  In  our  experiments,  the  RHEED  pattern  of  type  A  and  type  B  were 
not  yet  observed.  XRD  measurements  were  made  to  identify  the  formation  of  P-phase  in  the  LA- 
deposited  sample.  Most  of  XRD  measurements  were  done  for  Si(31 1)  plane  at  incidence  angle  of 
2.8.3  degree.  Figure  4  shows  XRD  signals  for  two  samples;  (a)  powdered  P-FeSi2  bulk  crystal 
grown  by  HGF  method  used  as  LA  target  and  (b)  P-FeSii  film  prepared  by  LA  method.  In  Fig. 4 
(a),  multiple  peaks  are  observed,  suggesting  that  the  bulk  P-FeSi2  is  poly  crystalline-like.  In 
Fig.4  (b),  however,  a  signal  at  the  diffraction  angle  reflecting  P(220)  orientation  is  uniquely 
notified,  implying  that  LA-grown  sample  is  highly  oriented  and  the  promotion  of  epitaxial  crystal 
growth  from  well-defined  surface  lattice  of  Si  substrate  is  practiced  by  the  LA  method.  The  precise 
value  of  the  P(220)  diffraction  angle  in  Fig.4  (b)  is  slightly  shifted  from  the  standard  one  for  bulk 
P-FeSi2.  This  feature  shows  the  lattice  pcsudomorphic  effect  between  P-FcSi2  film  and  Si 
substrate  with  lattice  mismatch  of  ~+1.5%  by  expanding  a-b  plane  and  shorting  c  axis  of  P-FcSi: 
crystal  structure.  We  calculated  the  pressure  between  P-FcSii  film  and  substrate  using  the  XRD 
datum  (d  )  shown  in  Fig.4  (b),  the  standard  datum  (  do  )  and  Young's  modulous  (  E  )  and 
Poisson's  ratio  (v )  for  bulk  P-FeSi2  crystal  [13].  We  obtained  a  stress  about  0.2  GPa  for  the  lA- 
grown  P-FeSi2  film  shown  in  Fig.  4  (b). 


Figure  3.  RHI-F.D  image  of  laser  ahlalion  grown  |t- 
FcSi2  on  Si(tOO)  |110]  azimuth  using  P-FcSi,  bulk 
crysttil  target  (sample  A).  RUFT.D  pattern  .showed 
spotty  pattern  suggesting  poly  crystalline  specimen. 


(a)  Powdered  P-FeSi, 
bulk  crystalline 

P(202)/(220) 

XO.OOl 

(b)  Sample  A 

.1  .* 

(c)  Sample  B 

S  — 

rj  — 

n  fr-. 

1  ^ 

- _ _ 

L_l _ 1 _ 1 - \ - 1 — 

30  40  50  60  70 

20  (degree) 


Figure  4.  XRD  pattern  of  (a)  powdered  (t-FeSi,  bulk 
crystalline,  (b)  LA  grown  (t-FcSi,  on  STflOO). 
Tc=.S5n-65n  ”C  :  sample  A  and  (c)  Tg=6.S0-7,S0  "C  ; 
sample  B.  LA  growth  samples  showed  diffraction  .angle 
P(220)  orientation. 


D.Raman  scattering 

Figure  5  shows  Raman  scattering  spectrum  at  R.T.  for  the  LA-grown  P-FeSi2  film.  In  Fig.5 
(a),  Raman  signals  arc  clearly  identified  at  171.52  cm'',  190.65  cm'',  200.6  cm’'  and  250.44  cm' 
however,  in  Fig.5  (b),  Raman  intensities  arc  low  and  only  half  of  those  in  Fig.5  (a)  and  signal 
at  171.52  cm''  was  not  observed.  All  of  these  signals  arc  derived  from  fl-FcSi2  [14].  The 
predominant  signal  at  250  cm''  is  in  good  agreement  with  the  theoretical  calculation  of  Raman 
allowed  modes  for  bulk  P-FcSi2,  suggesting  that  the  LA-grown  film  has  a  fairly  good  crystal 
quality.  It  is  important  to  note  that  the  energy  positions  of  the  Raman  signals  in  Fig.5  arc  nearly 


276 


identical  to  those  obtained  theoretically  [14],  although  all  experimental  signals  are  slightly  shifted 
towards  lower  energies  (red  shift  about  0.96  cm'^~4.78  cm‘^)  compared  with  the  theoretical  ones 
(179  cm’^  197  cm’^  206  cm'^  and  253  cm'^).  This  red  shift  (phonon-softening)  implies  that  the 
force  constants  decrease  and  proclaims  that  the  generation  of  tensile  strain  can  be  raled  out  since 
the  red  shift  ( the  shift  of  Raman  signal  towards  lower  frequencies)  are  generally  associated  with 
lower  lattice  parameters.  We  consider  that  this  effect  is  due  to  an  increase  of  the  bond  length  in  the 
vicinity  of  Fe  vacancies  or  stress  existing  pesudomorphically  in  LA  grown  sample.  This  situation 
produces  the  expansion  of  lattice  constant,  which  decreases  the  oscillator  strength  of  the  Si-Fe 
bonds  and  necessarily  leads  to  the  red  shift  of  Raman  signals. 


The  optical  absorption  spectrum  is  important  to  determine  the  type  of  optical  transition  and 
its  energy  gap.  Figure  6  presents  the  absorption  coefficient  (a  )  versus  photon  energy  (hv  )  in 
which  the  onset  of  absorption  occurs  at  -0.84  eV.  In  this  figure  one  notes  that  the  sample  attains 
absorption  coefficient  as  high  as  3.5x10'*  cm"*  for  hv  above  1.0  eV.  Direct  and  indirect  optical 
absorption  are  expressed  as  Eq.  (1)  and  (2). 

a  dir=A(hv-  (1) 

dir  .^£indir=B(hv-Egy  (2) 

where  Eg  '  is  the  direct  and  Eg  '  is  indirect  band-^ap.  From  the  {ahv  versus  {hv )  plots 
using  (1),  we  obtained  a  direct  band-gap  energy  Eg  of  ~  0.81  eV.  The  fitting  constants  of 
optical  absorptiony4  (direct)  and  B  (indirect)  were  determined  to  be  1.0685x10®  (cm'*eV"*^2)  and 
7.71x10®  (cm"*eV'^),  respectively.  The  results  of  recent  band  structure  calculation  [2]  have  shown 
that  the  experimental  optical  data  in  the  energy  region  indicated  in  Fig.  6  the  direct  band-edge  is 
located  in  the  vicinity  of  the  A  point  of  the  Brillouin  zone,  whereas  the  first  interband  transition  of 
appreciable  oscillator  strength  takes  place  at  the  Y  point  with  an  energy  of  0.85  eV,  in  agreement 
with  the  experimental  data  for  samples  prepared  by  other  methods  [15].  Flowever  we  can  not 
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Figure  5.  Raman  scattering  spectra  from  LA  grown 
(3-FeSi2  on  Si(lOO).  (a)  Tg=550~650  °C  :  sample  A, 
and  (b)  Tg=650~750  °C  sample  B  :  showed  several 
signals  shifting  low  energy  from  poly  crystalline  (3- 
FeSi2  film. 


Figure  6.  Optical  absorption  coefficient  of  (a) 
Tg=550~650  °C  :  sample  A  and  (b)  Tg=650~750  °C  : 
sample  B  at  band-edge  of  poly  crystalline  P-FeSi2  film 
in  plots  appropriate  for  direct  and  indirect  transitions. 
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clearly  recognize  this  onset  of  the  optica!  absorption  in  Fig. 6  since  our  samples  exhibit  strong 
optical  absorption  tail  on  the  lower  energy  side  (presumably  Urbach  tail).  The  observation  of  the 
tail  is  a.scribed  to  the  existing  defects  and  strain  in  the  samples  which  arc  previously  discussed  in 
the  analysis  of  XRD  and  Raman  scattering  measurements. 


CONCLUSION 

Under  ultra-high  vacuum  ambient,  laser  ablation  growth  of  stoichiometrically  well-controlled 
f5-FeSi2  film  on  Si(lOO)  substrate  was  for  the  first  time  fabricated  using  P-FeSi2  bulk  poly-crystal 
as  a  target  material.  The  bulk  P-FeSi2  crystal  was  prepared  by  horizontal  gradient  freeze  (HGF) 
method.  Judging  from  RHEED  and  XRD  measurements,  samples  grown  at  substrate  temperature 
550  “C  -  750  “C  showed  poly-crystalline  features  and  the  surface  was  mostly  P(220)  oriented. 
Raman  signals  from  laser-ablated  samples  .showed  red  energy-shift,  suggesting  that  vacancy 
and/or  stress  are  existing  between  grown  film  and  Si  substrate.  The  onset  of  optical  absorption  for 
laser-ablated  P-FeSi2  films  were  found  to  take  place  in  photon  energy  of  ~  0.84  eV.  Using  the 
theoretical  expressions  for  direct  and  indirect  optical  transitions,  the  band-gap  energy  Ef;  was 
determined  to  be  0.81  eV  and  0.96  eV  for  the  former  and  the  latter  transitions,  respectively.  These 
results  revealed  that  P-FeSi2  is  quasi  direct  band-gap  induced  by  zone-folding  effect. 
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ABSTRACT 


In  this  work  the  thermoelectric  cooling  container  for  storing  and  transportation  of 
the  medicine,  particularly  for  insulin,  is  discussed.  In  the  working  volume  the  temperature  is 
supported  on  the  level  of  +4°C.  The  container  can  work  in  two  operating  conditions:  with  the 
power  supply  and  without  the  power  supply.  Two  removable  blocks  are  used  for  this 
purpose.One  block  (thermoelectric)  is  used  for  the  work  with  the  power  supply  and  another 
(passive)-for  the  work  without  power  supply. 

The  thermoelectric  block  has  a  12V  power  supply,  which  is  used  in  the  automobiles,yachts 
and  other  kinds  of  transport.  The  temperature  in  the  working  volume  is  supported  by  the  use  of 
the  Peltier  effect.  An  electronic  device  is  used  in  this  block  and  stabilizes  temperature  on  the  level 
of  +4°C  and  indicates  information  about  working  conditions.  The  thermoelectric  container  has  a 
power  supply  block  for  work  at  220(1 10)  V. 

The  working  temperature  in  the  container  can  be  maintained  in  the  absence  of  the  power 
supply.  In  this  case  the  necessary  temperature  conditions  are  supported  by  melting  of  the 
crystallized  salt.  For  this  purpose  the  container  has  a  hermetic  volume  containing  this  salt  and 
contacting  with  the  working  volume, 

INTRODUCTION 

Thermoelectric  cooling  devices  have  found  their  place  in  various  fields  of  human  activity 
since  A.F.  Ioffe  grounded  half-century  ago  the  possibility  of  practical  application  of  the  Peltier 
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effect.  In  a  number  of  applications  -  in  military  equipment,  medicine,  laser  devises,  computers  etc  , 
thermoelectric  method  of  cooling  is  the  only  acceptable  method  In  particular,  this  circumstance  is 
connected  with  increasing  of  number  of  semiconductor  devices  and  IC,  where  thermoelectric 
cooling  devices  (TECD)  are  used  for  cooling  and  temperature  stabilization  Application  of  TECD 
improves  essentially  characteristics  of  electronic  devices,  makes  their  operation  more  reliable  and 
stable,  enhances  response  speed,  nonstability  etc. 

Thermoelectric  devices  have  a  number  of  advantages  in  comparison  with  other  systems  of 
thermostabilization,  namely:  practically  unlimited  operating  resource,  absence  of  cryogen 
reliability,  small  dimensions  and  weight,  low  delay,  noiseless  operation,  independence  on  space 
orientation,  possibility  of  local  cooling,  accurate  regulation  and  stabilization  of  temperature 

The  thermoelectric  method  of  cooling  acquires  the  utmost  topicality  in  the  connection 
with  the  signing  in  the  1987  of  the  Montreal  protocol  by  all  leading  countries,  that  commits  them 
to  decrease  the  application  of  freon  gaseous  mixtures  dangerous  for  the  ozone  layer  of  earth’s 
atmosphere.  The  main  field  of  application  for  these  gases  is  in  refrigerator  equipment  As  was 
recognized  by  the  whole  world  community,  the  only  alternative  today  are  solid-state  heat  pumps 
on  semiconductor  cells,  using  the  Peltier  effect 

The  basic  limitation,  restraining  the  mass  application  of  Peltier  effect  in  cooling  systems,  is 
the  insufficient  efficiency  of  this  method  The  latter  is  determined  basically  by  low  thermoelectric 
figure  of  merit  of  semiconductor  materials  based  on  bismuth  telluride.  Unfortunately,  the 
alternative  for  these  materials  has  not  been  found  yet 

At  the  same  time,  it  is  necessary  to  note,  that  the  advantages  of  thermoelectric  method  of 
cooling  haven’t  yet  been  completely  used.  This  statement  is  confirmed  by  the  permanent 
expansion  of  fields,  where  the  Peltier  effect  is  applied,  and  by  enhancement  of  a  number  of  new 
devices. 

Authors  of  this  paper  performing  orders  of  military  industry  during  25  years  accumulated 
the  richest  experience  in  the  field  of  high  technologies  of  cool  production  and  equipment  of 
thermostabilisation  for  vital  units  of  space  and  military  equipment  [1-3].  At  the  same  time  the 
number  of  thermoelectric  devices  and  thermoelectric  equipment  of  wide  consumption  were 
designed  and  are  being  designed  Some  of  them  are  following:  portable  and  stationary 
refrigerators;  air  chillers  including  devices  for  means  of  transport:  cooled  container  for  the 
transport  of  vegetables,  fruits,  flowers;  cooled  container  for  the  trade  of  food;  coolers-heaters  of 
liquids  (drink);  units  for  cooling  and  thermostabilisation  of  laser  equipment  and  optoelectronic 
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communications  lines;  thermoelectric  thermostats;  climatic  cameras;  thermoelectric  technological 
equipment,  for  example,the  set  for  the  checking  of  completeness  of  windows  exposing  in 
dielectric  layers  for  the  production  of  integrated  circuits. 

The  Peltier  effect  is  used  in  medicine  for  cooling  instruments  (ophthalmology), 
manufacturing  of  low-temperature  cameras  for  keeping  and  transporting  of  blood  and  human 
organs. 

In  this  work  we  shall  consider  in  details  the  thermoelectric  container  for  keeping  and 
transporting  of  medicinal  preparations  and  particularly  insulin.  This  preparation  must  be  kept  at 
the  temperature  from  2  to  10°C.  It  is  important  for  diabetics  to  keep  this  preparation  by  them 
during  different  moves  and  other  occasions,  in  particular,  when  power  sources,  providing  the 
operation  of  devices  is  absent. 

RESULTS 

The  authors  have  designed  the  thermoelectric  inculin  container  keeping  the  temperature 
inside  its  volume  at  4°C.  The  application  of  this  container  assumes  its  operation  in  two  different 
modes:  with  a  power  source  and  without  it.  Two  removable  blocks  were  provided  for  this 
purposes.  One  of  them  -  thermoelectric  (active),  that  operates  from  the  electrical  network  +12V- 
supply  board  of  car,  yacht  and  other  means  of  transport.  The  second,  passive,  is  intended  for 
operation  without  a  power  source.  The  main  frame  of  container  1  (fig.l)  consists  of  working 
space  2,  where  the  container  with  preparation  3  is  placed.  The  hermetic  cylinder  4  is  made  coaxial 
to  working  space.  The  hermetic  cylinder  is  filled  by  melted  salt  5  with  a  crystallization  point  of 
4°C.  The  design  of  the  container  provides  good  heat  contact  of  salt  with  the  walls  of  working 
space.  The  cylinder  for  the  salt  and  the  frame  of  working  space  are  made  from  material  with  high 
heat  conductivity.  The  working  space  and  the  cylinder  with  the  salt  are  insulated  from  the  external 
medium  by  the  material  (6)  with  a  low  heat  conductivity  (~0,03  W/m*K).  This  material  can  be, 
for  example,  the  foam.  The  cover  7  closes  hermetically  the  working  space  and  is  the  basis  where 
the  chamber  with  preparation  is  fastened. 

Two  blocks,  active  and  passive,  can  be  attached  to  the  main  frame  depending  on  the 
situation.  Blocks  have  centering  guides  8,  which  are  fixed  reliable  by  pressing  keepers,  placed  in 
the  main  frame.  This  design  allows  one  to  orient  blocks  correctly  with  respect  to  the  main  frame. 
For  separation  of  the  block  from  the  frame,  it  is  sufficient  to  press  on  two  buttons  9,  located  on 
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Fig.  1  The  scheme  of  the  thermoelectrically  cooled  container  for 
the  transportation  of  insulin. 
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the  lateral  surface  of  the  frame.  The  container  is  fiimished  by  the  handle  10  for  the  comfort  of 
transportation.  The  temperature  pickup  is  placed  in  the  working  volume  near  the  chamber  with 
the  preparation. 

The  active  block  consists  of  the  radiator  11,  where  the  thermoelectric  module  12  (TEM- 
1,4-1,5/127)  is  fastened.  The  characteristics  of  the  module  are  the  following:  supply  voltage 
+12V,  current  4A,  dimensions  (40*40*4)  mm.The  fan  13  is  also  installed  on  the  radiator.  The 
plate  with  the  electric  circuit  14  is  connected  with  the  temperature  pickup  by  the  plug  15.  The 
plate  is  intended  for  the  control  of  thermoelectric  module  to  stabilize  the  temperature  inside  the 
working  space.  LEDs  16  placed  on  the  block  indicate  the  mode  of  container  operation.  The  active 
block  has  the  plug  for  the  connection  to  the  board  supply. 

The  passive  block  is  intended  for  heat  insulation  of  the  working  space  when  the  active 
block  is  removed.  It  contains  the  plate  17  with  electric  circuits  checking  the  temperature  and  the 
electric  cell  (accumulator). 

The  scenario  of  container  operation  depends  on  start  conditions.  The  most  favorable 
version  (#1)  is  the  following.  Before  being  moved  the  container  with  preparation  was  in  the 
stationary  refrigerator  at  the  temperature  no  more  than  4°C.  In  this  case  the  salt  has  been 
crystallized  and  the  initial  temperature  in  the  working  volume  <4°C.  During  the  movement  the 
container  is  connected  with  the  board  supply  and  the  optimal  temperature  is  maintained  in  the 
working  space  by  means  of  thermoelectric  cooling.  If  the  power  supply  is  absent  by  some  reasons 
so  the  temperature  of  4°C  is  achieved  due  to  salt  melting.  In  this  case  the  passive  block  must  be 
attached  to  the  main  frame.  Both  salt  mass  and  heat  insulation  of  working  volume  were  calculated 
to  provide  keeping  the  temperature  at  4°C  during  10  hours.  The  operating  time  in  passive  mode 
was  calculated  as: 

x=Q/q, 

where  Q=h*m-  the  energy  of  phase  transition; 

h  -  the  specific  heat  of  melting; 

m  -  the  salt  mass; 

q  -  the  heat  leakage  through  the  walls  of  container. 

The  second  version  differs  from  the  first  one  by  the  initial  temperature  of  the  working 
volume  that  is  the  same  as  the  temperature  of  surroundings.  After  the  connection  the  container 
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with  the  board  supply  the  optimal  temperature  is  provided  by  means  of  thermoelectric  cooling 
The  container  achieves  the  optimal  temperature  in  a  working  time  of  40  min 

CONCLUSION 

The  thermoelectric  cooled  container  for  transportation  of  insulin  operating  from  +I2V 
electrie  network  was  designed.  The  operation  of  container  in  two  modes  (  with  power  supply  and 
without  it)  is  provided  by  two  different  removable  blocks  attached  to  the  main  frame  of  the 
container.  The  optimal  temperature  in  the  working  size  (4°C)  is  achieved  for  40  minutes  after 
connection  to  the  power  supply.  The  method  thermostabilization  and  heat  insulation  provide 
maintaining  optimal  temperature  for  10  hours  after  the  power  supply  is  switched  off. 
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ABSTRACT 

The  technology  base  for  air  conditioning,  refrigeration,  component  cooling  below  ambient 
temperatures  and  power  generation  will  be  required  to  meet  several  new  challenges.  The  main 
lines  of  these  challenges  will  be  presented  in  a  way  which  relates  them  to  the  several  new 
thermoelectric  materials  and  materials  engineering  options  being  pursued  by  the  research 
commimity.  The  potential  benefits  of  thermoelectric  devices  are  only  partially  met  by  enhancing 
the  figure  of  merit  ZT,  the  nature  of  the  design  challenge  and  the  resulting  systems  approach  are 
presented.  The  research  and  the  industry  are  entering  into  a  new  era. 

INTRODUCTION 

In  1958,  Abram  Joffe  (Ioffe)  concluded  his  Scientific  American  article[l],  “... 
thermoelectricity  is  unfolding  before  our  eyes.  It  is  only  in  the  last  two  or  three  years  that  this 
field  has  been  opened.  Let  us  see  what  will  happen  in  the  next  three  to  five  years.”  In  this  article 
he  referred  to  the  performance  of  the  best  materials  as  being  able  to  convert  heat  to  electricity 
with  an  efficiency  of  about  10  per  cent.  When  referring  to  use  of  thermoelectrics  in  the 
refrigeration  mode  he  was  less  specific  about  the  efficiency  but  did  acknowledge  the  great 
disparity  between  thermoelectrics  and  the  efficiency  of  large  vapor  compression  systems.  He  also 
indicated  some  kind  of  parity  in  efficiency  between  thermoelectrics  and  very  small  vapor 
compression  systems. 

14  years  later,  the  assessment  “Thermoelectricity,  The  Breakthrough  that  never  came”[2] 
reported  that  64  firms  had  been  engaged  in  a  full-scale  effort  to  find  better  materials  in  the  period 
from  1958-1963.  The  article  estimated  that  the  resources  spent  totaled  $30  million  (est  $130 
million  in  $1997).  However,  by  1971  there  were  only  five  firms  remaining;  the  major  firms 
active  today  can  trace  their  roots  back  to  those  remain  five. 

One  of  the  reasons  Ioffe’s  expectations  didn’t  materialize  in  the  3-5  year  window  was  the 
extraordinary  success  of  the  Freon  based  Rankin  Cycle  compressors.  The  introduction  of  this 
technology  was  met  with  wide  acceptance.  Mechanical  engineers  were  presented  with  a  very  cost 
effective  solution  that  was  widely  embraced  by  society. 

This  magnitude  of  growth  in  the  use  of  CFC’s  is  one  indicator  of  the  growth  in  this  industry, 
this  growth  is  shown  in  Figure  1[3]. 

The  introduction  of  refrigeration  into  homes,  autos,  factories,  schools  changed  all  of  our  lives; 
opening  up  new  paths  of  regional  development,  new  functions  in  the  supply  chains  of  food  stuffs; 
these  are  only  a  few  of  the  innumerable  scenarios  imbedded  in  the  history  of  refrigeration  and 
airconditioning.  Ioffe’s  expectations  were  obviously  aware  of  this  growth  in  application.  The 
refrigeration  systems  and  their  compressors  became  very  inexpensive  in  both  their  acquisition 
costs  and  their  life  cycle  costs.  Their  efficiency  in  many  applications  was  improved  until 
efficiencies  equaled  or  exceeded  50%  of  the  theoretical  maximum  Coefficient  of  Performance 
(COP)  namely,  that  of  Carnot  efficiency. 
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This  maximum  possible  COP  is  the  consequence  of  the  laws  of  thermodynamics,  and  can  be 
stated  in  formula  as: 


Carnot  Efficiency 


(1) 


A  necessary  component  of  an  industry  perspective  for  a  refrigeration  system  is  its  Coefficient 
of  Performance  as  a  percentage  of  Carnot  Efficiency.  The  Coefficient  of  Performance  as  used  in 
this  formulation  is: 

Coefficient  of  Performance  -  COP  -  Pumped  _  QcoU 

Power  Required  W 


In  terms  of  Carnot  Efficiency  (%)  this  becomes: 


Carnot  Efficiency  (%) 


W 


(3) 


For  the  sake  of  comparison,  we  shall  use  the  Carnot  efficiency  of  a  vapor  compressor  system 
and  compare  that  with  thermoelectric  efficiency.  To  make  this  comparison  we  utilize  the  Carnot 
efficiency  of  a  compressor  in  terms  of  the  heat  pumping  system  capacity.  One  representation  of 
this  is  shown  in  Figure  2  [4].  This  reaffirms  Ioffe’s  perception  of  1958. 
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Figure  2 


The  beginning  of  the  analysis  starts  with  the  formulation  first  presented  by  Altenkirch  in 
1911  [5],  The  basic  equations  for  the  heat  pumped  (Q^  )  and  input  power  (W)  are  given  as: 


e, 


cold 


T  1  -2  „  / 

/  -  I  o  — 

cold  2  ^ ^ 


K.  y 


(4) 


w  = 


(  ^hoi  ^  ha 


^cold  ‘^cold 


(5) 


When  equations  (4)  and  (5)  are  optimized  for  the  maximum  performance  which  can  be 
obtained  from  a  given  material,  the  equation  for  the  figure  of  merit  of  the  material  is  the  result. 
This  is  given  as: 

a}  T 

Figure  of  Merit  =  ZT  =  - 

P  ^ 

Where-,  a  =  Seebeck  Coefficient 
p  =  electrical  resistivity 
X  =  thermal  conductivity 


More  importantly,  this  value  of  ZT  when  the  material  is  operating  in  the  extrinsic  mode  scales 
with  temperature.  Actual  data  for  an  average  material  is  presented  in  Figure  3. 
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Figure  3 

The  data  from  Figure  3  can  be  reduced  to  equation  (7) . 

ZT(T)  =  0.004676  T  -  0,4043  (7) 


This  mathematical  representation  allows  us  to  calculate  parameters  for  comparison  with  the 
efficiencies  of  vapor  compression  systems.  Tlie  equations  of  Altenkirch.  and  particularly  those 
derived  by  our  Russian  colleagues  [6]  allows  us  to  define  the  maximum  temperature  difference 
of  a  device  when  the  heat  pumped  is  zero  in  terms  of  ZT  in  equation  (8). 


At  ,  (T) 


y/zr  1 


I 


1 


(8) 


When  various  hot  side  temperatures  are  considered,  the  calculated  value  is  shown  in  Figure  4. 
This  figure  is  idealized  and  doesn't  account  for  the  radiation,  convection  and  interconnect 
resistances  which  are  clearly  involved  in  real  devices.  However,  even  without  these  corrections, 
the  quoted  values  listed  in  the  literature  for  most  of  the  thermoelectric  manufacturers  are  close  to 
the  calculated  values. 
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The  parameter  in  Centigrade  leads  to  the  calculation  of  the  Coefficient  of  Performance 
and  %  of  Carnot  efficiency.  This  calculation  uses  equation  (9) . 


Carnal  Efficiency  (%)  - 


AT  -  Ar  , 

max  used 


2x7’ 


(9) 


The  workhorse  thermoelectric  material  in  a  refrigeration  setting  (  Temperatures  between  300  K 
and  270  K )  has  a  value  near  to  10%  of  Camot  Efficiency.  This  has  remained  the  same  for  40 
years.  Furthermore,  the  %  Camot  Efficiency  decreases  as  the  AT„^  is  increased,  nearing  zero  as 
the  AT„„  is  reached  Figure  5. 
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Comparison  of  this  data  Figure  5,  for  thcnnoelectrics,  with  Figure  2,  for  vapor  compressors, 
establishes  the  basis  for  industries  perspective  of  thcrmoelectrics  for  the  past  40  years. 

From  this  perspective  the  10%  of  Carnot  Efficiency  provided  by  thermoelectric  devices,  leads 
to  their  being  limited  in  application  to  capacities  of  50  watts  per  device.  Before  leaving  this 
analysis  let  us  consider  in  Figure  6  what  would  happen  when  wc  improve  ZT.  This  chart  when 
compared  with  Figure  2  demonstrates  that  a  ZT  of  4.0  would  open  up  vapor  compressor 
applications  for  heat  loads  of  1 00  -  200  Watts  per  device  (that  is  systems  presently  powered  by  V2 
and  Vi  horsepower  motors). 


ZT 

Figure  6 

THE  BASIC  PROPOSITION 

The  basic  proposition  presented  herein  is  that  the  interest  of  industry  for  thcrmoelectrics  is 
defined  in  part  by  improvements  in  ZT.  During  the  first  era  of  a  full  scale  effort  to  improve 
material  performance,  in  the  period  1958-1963,  a  ZT  of  3.0  was  the  goal.  Now  the  efficiency  of 
alternatives  is  such  that  a  ZT  of  4.0  would  be  required  for  the  large  impact  that  Ioffe  envisioned 
in  1958.  Values  of  this  magnitude  do  appear  fcasiblc[7][8]. 

Fortunately,  the  socket  by  socket  replacement  of  vapor  compressors  for  refrigeration  is  not  the 
only  route  to  increased  usage  in  industry.  There  arc  numerous  applications  emerging  which  can 
transform  even  marginal  improvements  in  materials  into  systems  level  improvements  which  arc 
competitive  with  alternate  technologies. 

Therefore  the  other  part  of  industries  interest,  which  may  be  even  larger,  is  tied  up  in  systems 
level  aspects.  Therefore,  a  second  part  of  the  basic  proposition  presented  herein  is  that,  there  arc 
several  attractive  systems  level  interests  which  can  result  from  incremental  improvements  in 
thermoelectric  performance;  but  only  if  the  other  characteristics  of  thcrmoelectrics  arc  proven. 
While  this  presentation  focusses  on  refrigeration,  a  similar  development  and  conclusion  is 
equally  applicable  to  power  generation. 

A  key  conclusion  to  this  argument  is  that  many  of  these  systems  compatibilities  are  tied 
directly  to  the  very  same  material  characteristics  which  define  ZT.  Example:  the  type  of  bonding 
which  appears  to  contribute  to  good  thermoelectric  properties  also  defines  a  coefficient  of 
thermal  expansion  which  could  be  troublesome. 

Therefore,  a  renewed  interest  by  industry  in  thcrmoelectrics  is  emerging;  it  is  going  to  be  an 
interest  in  more  than  ZT;  and  will  include  a  very  sophisticated  ability  to  evaluate  what  kind  of 
systems  performance  will  result. 
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To  begin  to  build  this  bridge  the  following  systems  aspects  will  be  covered:  heat  sinks,  current 
for  maximum  efficiency  or  power,  and  aspect  ratio. 

Heat  Sink  Resistance 

The  importance  of  heat  sink  resistances  can  be  shown  by  referring  to  Figure  5.  The  resistance 
of  a  heat  sink  is  around  0.15  °  C/  Watt.  For  a  50  Watt  load  and  a  Coefficient  of  Performance  of 
1 .0,  this  would  mean  that  1 00  Watts  would  have  to  be  dissipated  through  a  heat  sink.  This 
additional  temperature  is  imposed  across  the  thermoelectric  device  adding  15°C  to  the  AT. 

Referring  to  Figure  5  would  indicate  the  impace  of  adding  this  temperature  difference  to  the 
40  °C  of  the  reffigerator.  This  would  reduce  the  Carnot  Efficiency  of  the  thermoelectric  device 
by  one-half  In  this  case  the  system  level  efficiency  is  defined  as  much  by  the  passive  parts  of  the 
thermal  pathway  as  by  the  thermoelectric  efficiency. 

Current  and  COP  optimization 

The  current  used  to  obtain  maximum  heat  pumping  in  thermoelectric  devices  is  quite  different 
from  the  current  for  maximum  efficiency.  This  can  be  shown  in  Figure  7  and  Figure  8  for  a 
present  design. 


Figure  7 


Figure  8 
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Comparison  indicates  that  the  maximum  efficiency  exists  when  the  device  is  pumping  about 
one  half  of  the  maximum  heat  it  can  pump,  and  that  the  maximum  heat  pumping  occurs  when 
around  half  of  the  efficiency  is  available. 

The  obvious  question  raised  at  this  point  in  time  is  whether  it  is  possible  to  increase  the 
number  of  elements  to  achieve  the  necessary  amount  of  heat  pumping  while  operating  at  the  COP 
maximum.  The  answer  is  that  the  Coefficient  of  Thermal  Expansion,  the  durability  of  the 
thermoelectric  material  and  eost  factors  define  the  maximum  number  of  elements  that  can  be 
incorporated  in  a  deviee.  When  looking  towards  the  fiimre  keep  in  mind  that  this  same  analysis 
indicates  that  the  disparity  between  these  tw'o  currents  increases  as  ZT  increases. 

Aspgct  rqtip  (length/qrea) 

One  of  the  issues  that  will  arise  as  “Engineered  Material  Films”  are  introduced  is  that  the 
aspect  ratio  of  the  material  will  be  important  to  the  performance  of  the  deviee.  The  COP  equation 
yields  the  conditions  for  the  optimum  length/area  for  a  device.  There  is  one  current  for  the 
optimum  performance  of  a  thermoelectric  device  for  any  given  length/area.  This  current  for 
maximum  COP  as  a  function  of  length  over  area  can  be  calculated.  If  these  dimensions  are  not 
utilized  the  reduction  in  COP  as  a  function  of  COP  maximum  can  be  shown  in  Figure  9. 


Quantum  Wells 

Device  design  challenges  face  us  as  we  address  quantum  wells  and  superlatticcs.  For  the 
purpose  of  this  discussion  let  us  consider  that  the  composition  of  a  layered  structures  has  10,000 
repeating  units  of  multiple  layers  with  angstrom  thickness,  which  results  in  a  composite  element 
(chip)  30|im  thick  (0.003  cm)  and  1  cm  wide  on  each  side. 

When  addressing  Quantum  Well  superlattices,  where  the  current  flows  in  the  plane  of  the  film, 
we  will  have  an  1/A  ratio  of  over  300  cm  '.  When  addressing  superlattices,  where  the  current 
flows  perpendicular  to  the  plane  of  the  film,  the  1/A  ratio  is  0.003  cm  '.  In  both  cases  it  is  obvious 
that  some  additional  replication  of  chips  or  processing  of  the  films  will  be  necessary  to  aehieve 
an  optimal  1/A  ratio. 
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MATERIALS  OPTIMIZATION 

40  years  of  research  in  the  bismuth  and  bismuth  telluride  family  of  alloys  have  exhausted 
every  known  bulk  material  option  that  could  be  conceived.  Thus  we  are  not  aware  of  any 
significant  improvement  in  material  performance  applicable  to  the  refrigeration  and  air 
conditioning  marketplace  based  upon  these  materials  in  bulk  form.  A  similar  conclusion  can  be 
made  for  the  materials  applied  to  power  generation. 

However,  there  are  four  paths  of  departure  from  this  stagnation  which  together  contribute  a 
significant  new  potential,  particularly  from  systems  level  perspective.  These  paths  are: 

-  new  material  systems, 

-  superlattices. 

-  renewed  optimization  of  materials  in  the  100-200  kelvin  region 

-  new  instruments  with  which  to  asses  material  characteristics. 

The  industry  interest  will  be  peaked  when  the  academic  interest  in  material  parameters  is 
realistically  evaluated  from  a  systems  perspective.  ZT  alone  is  not  enough. 

New  Materials 

The  thermoelectric  potential  of  new  materials  must  be  described  in  terms  of  two  parameters: 
(1)  weighted  mobility  (which  includes  the  number  of  valleys)  and  (2)  lattice  thermal 
conductivity.  The  description  should  include  the  coordinates  of  the  material  on  a  two 
dimensional  chart  and  a  description  as  to  whether  those  coordinates  are  within  striking  distance 
of  ZT  greater  than  1 .0.  Figure  10  displays  the  ZT  =  1 .0  solution  for  the  p  equations[9]  which 
provide  the  dimensions  of  this  description.  The  vertical  axis  is  in  terms  weighted  mobility 
(m^V''sec  ’)  and  the  horizontal  axis  is  in  terms  of  (Wm''K''). 


Figure  10 


The  left  hand  dotted  line  is  the  ZT  =  1.0  line  for  100  K  (using  a  3/2  scattering  parameter),  the 
solid  line  represents  ZT=1.0  for  300  K  (using  a  14  scattering  parameter)  and  the  dashed  line 
represents  ZT=1.0  for  700  K  (using  a  14  scattering  parameter).  On  such  descriptions  it  is  possible 
to  communicate  the  importance  of  minimum  lattice  thermal  conductivity  ,  as  well  as  the 
maximum  mobility  that  must  be  achieved. 

At  the  present  time  experimentalists  have  a  number  of  useful  tools  to  use  to  enhance  weighted 
mobility  and  reduce  lattice  thermal  conductivity.  It  is  also  possible  to  establish[10]  a  well- 
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defined  value  for  the  minimum  lattice  thermal  conductivity  of  each  material.  Presentations  of  the 
type  proposed  will  enhance  the  communication  of  the  potential  of  new  materials  between 
academia,  government  laboratories  and  industry. 

One  of  the  most  exciting  new  concepts  from  this  authors  vantage  is  the  emergence  of  "placing 
fillers  in  cage  like  systems".  This  concept  first  became  visible  by  the  reduction  of  thermal 
conductivity  achieved  by  the  filling  of  Skutterudite  compounds[l  1].  While  the  concept  still  needs 
to  be  fully  evaluated,  achievement  of  order  of  magnitude  reduction  in  lattice  thermal  conductivity 
without  creating  unrecoverable  destruction  of  weighted  mobility  is  a  reasonable  expectation. 

Several  other  issues  emerge  when  addressing  industries  interest  in  new  materials  however 
space  doesn’t  allow  more  that  a  topical  listing.  The  agenda  includes  such  items  as: 
temperature  dependence  of  ZT  in  the  various  temperature  ranges  of  application,  material 
anisotropies,  coefficient  of  thermal  expansion,  contact  resistance,  strength  in  tension  and 
compression,  mechanical  failure  modes,  processing  cost,  and  material  cost. 

Superlattices 

Quantum  confinement  or  phonon  de.struction  of  known  thermoelectric  systems  through 
superlattiees  provides  us  with  a  new  potential  for  the  known  bulk  materials. 

For  Quantum  wells  the  2  dimensions!  (2D)  quantum  confinement  with  its  enhancement  in 
weighted  mobility  is  now  proven[12]  for  Lead  Tclluride.  The  experimental  verification  of  a  three 
dimensional  ZT  is  the  next  milestone  to  be  approached.  This  result  when  achieved  will  define  the' 
heat  pumping  potential  of  these  “engineered  materials”  as  well  as  demonstrate  the  degree  to 
which  the  barrier  material  detracts  when  converting  the  2D  enhancement  to  a  3D  parameter. 

Superlattices  containing  differing  layers  of  thermoelectric  materials  can  achieve  enhancement 
of  ZT  primarily  through  phonon  destruction  in  the  direction  perpendicular  to  layers[13]. 

For  both  formats,  establishing  economic  production  of  "chips"  with  realistic  length/area  ratios 
are  the  next  item  on  the  agenda.  In  both  cases  it  is  important  to  achieve  epitaxial  growth  for 
10,000  or  more  layers  with  the  other  thermoelectric  materials. 

Renewed  optimization  of  materials  in  the  100-200  Kelvin  region 

There  are  several  applications  which  require  enhanced  performance  of  materials  below  200  K. 
This  is  a  domain  where  one  of  the  best  thermoelectric  materials,  the  BiSb  alloys,  has  yet  to 
become  a  production  material.  The  major  reason  is  the  fragile  nature  of  the  material.  Significant 
research  in  these  compounds  continued  for  about  ten  years  after  the  last  major  effort.  However, 
there  are  several  applications  where  these  and  other  existing  thermoelectric  materials  can  be 
integrated  into  hybrid  systems  with  very  favorable  results[14].  Recently,  the  results  of  several 
years  of  investigations,  and  a  demonstration  under  a  NASA  contract[15],  resulted  in  the  shifting 
of  the  temperature  of  peak  Z  to  175  K  forp-type  Bi^Tej  alloys  Figure  11. 
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This  material  improvement  resulted  in  the  predicted  increase  in  the  performance  of  a  device 
already  in  production.  This  improvement  in  material  performance  results  in  the  potential  for 
systems  level  improvements  in:  performance,  efficiency,  reduction  in  unit  acquisition  cost  or 
reduction  in  life  cycle  costs.  The  choices  are  up  to  the  customer  as  to  how  to  optimize  the 
tradeoffs.  Industry  also  looks  for  ways  to  integrate  thermoelectric  materials  into  other 
technologies.  The  benefits  of  such  hybridization  are  more  efficient  systems,  enhanced  ability  to 
match  cooling  capacity  to  specific  systems  needs,  the  ability  to  handle  large  shifts  in  heat  loads, 
and  temperature  stabilization.  To  accomplish  this  performance  the  ability  to  shift  the  peak 
performance  of  a  material  as  shown  in  Figure  11  becomes  very  important.  There  will  be  a  strong 
interaction  between  the  materials  scientists  and  the  systems  engineer  in  this  type  of  application. 

New  instruments  with  which  to  asses  material  characteristics 

The  answer  to  questions  being  posed  by  industry  will  require  oriented  (in  plane  and  cross 
plane,  and  anisotropic)  measurements  of  all  key  parameters  from  which  weighted  mobility  and 
lattice  thermal  conductivity  are  derived,  and  direct  measurement  of  the  transport  properties  which 
define  thermoelectric  performance.  These  measurements  need  to  be  repeatable  and  confirmed  by 
independent  measurements  over  wide  ranges  of  temperature.  It  would  also  be  desirable  if  these 
new  techniques  would  be  independent  of  sample  size. 

CONCLUSIONS 

From  the  vantage  point  of  this  industry  observer,  the  application  of  thermoelectric  materials  is 
entering  into  a  new  era.  It  is  an  era  characterized  by  laboratory  confirmation  of  principles,  new 
problems  emerging  which  need  temperature  stabilization,  requirements  for  controlling  the  rate  of 
change  of  temperature  and  exciting  new  proposals  for  enhanced  performance  materials.  The  era 
will  be  characterized  by:  the  emergence  of  new  forms  of  collaboration  between  users  and 
researchers,  the  integration  of  several  new  tools  from  the  physics  and  chemistry  commumties, 
systems  level  evaluations  of  potential  early  in  the  research  cycle  and  significant  opportunities 
which  will  be  open  to  the  thermoelectric  option  for  relatively  short  periods  of  time. 
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ABSTRACT 

A  combination  of  environmental,  economic,  and  technological  drivers  has  led  to  a 
reassessment  of  the  potential  for  using  thermoelectric  devices  in  several  automotive 
applications.  In  order  for  this  technology  to  achieve  its  ultimate  potential,  new  materials 
with  enhanced  thermoelectric  properties  are  required.  Experimental  results  on  the 
fundamental  physical  properties  of  some  new  thermoelectric  materials,  including  filled 
skutterudites  and  1-1-1  intermetallic  semiconductors,  are  presented. 

INTRODUCTION 

With  the  potential  for  new  thermoelectric  (TE)  materials  with  enhanced  properties  on 
the  horizon,  several  key  applications  of  TE  devices  in  the  automotive  industry  have  been 
identified  [1].  Chief  amongst  these  are  the  use  of  a  thermoelectric  generator  for  the 
conversion  of  waste  exhaust  heat  to  electricity  and  the  application  of  TE  heating  and 
cooling  systems  for  climate  control.  Prototype  exhaust  gas  generators  for  both  passenger 
cars  [2,3]  and  diesel  trucks  [4]  have  actually  been  built,  tested,  and  shown  to  generate  very 
modest  amounts  of  electrical  power.  As  in  other  large  scale  applications  of  TE’s,  the 
limited  conversion  efficiency  in  power  generation  mode  and  coefficient  of  performance 
(COP)  in  refrigeration  mode  render  such  applications  economically  and  technologically 
unfeasible.  Recently,  however,  it  has  been  suggested  that  an  increase  in  the  dimensionless 
thermoelectric  figure  of  merit  ZT  by  as  much  as  a  factor  of  two  over  that  of  state  of  the  art 
materials  might  be  physically  attainable  [5].  This  rather  bright  prospect  for  the  availability 
of  materials  with  enhanced  properties  combined  with  a  variety  of  environmental  and 
economic  considerations  have  led  to  a  critical  reassessment  of  the  use  of  TE’s  in  such 
applications.  A  TE  refrigerator  constructed  from  a  material  with,  say,  ZT  =  2  (about  a 
factor  of  two  greater  than  that  currently  available)  would  have  a  COP  approaching  that  of  a 
conventional  vapor  compression  air  conditioner;  a  TE  generator  fabricated  from  such  a 
material  would  be  lighter  and  could  convert  heat  to  electricity  at  a  higher  efficiency.  The 
exhaust  gas  thermoelectric  generator  would  have  the  ability  of  relieving  the  automotive 
alternator  of  a  portion  of  its  load,  thereby  increasing  the  overall  vehicle  fuel  efficiency.  The 
fuel  savings  so  generated  not  only  would  reduce  vehicle  emissions  but  would  provide  the 
consumer  with  relief  for  the  initial  cost  of  the  generator  in  the  form  of  fuel  savings  over 
several  years  of  operation  of  the  vehicle.  It  was  this  scenario  which  led  to  a  joint  General 
Motors/Jet  Propulsion  Laboratory  joint  program  aimed  at  developing  new  thermoelectric 
materials  of  enhanced  figure  of  merit  in  the  Partnership  for  the  Next  Generation  Vehicle 
(PNGV)  Program. 
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In  the  next  section  I  will  discuss  these  two  key  potential  automotive  applications.  I 
will  then  describe  our  research  on  two  new  materials  systems  with  potentially  interesting 
thermoelectric  properties. 

AUTOMOTIVE  THERMOELECTRIC  SYSTEMS 
Waste  Heat  Thermoelectric  Generator 

A  well  known  rule  of  thumb  in  internal  combustion  engine  (ICE)  power  generation  is 
the  following:  of  the  power  generated  by  the  engine,  approximately  one  third  is  available  for 
propelling  the  vehicle;  the  remaining  two  thirds  is  evolved  roughly  equally  as  waste  heat  in 
the  exhaust  stream  and  latent  heat  in  the  coolant  system.  This  means  that  for  a  typical  ICE 
generating  75  kW  of  power  (approximately  100  hp),  roughly  50  kW  of  waste  heat  is 
generated.  Evidently  even  if  only  a  small  fraction  of  this  can  be  recovered,  a  substantial 
amount  of  electrical  power  could  be  generated.  This  additional  power  could  be  used  to 
partially  unload  the  alternator  and  thereby  increase  the  vehicle  fuel  economy,  or 
alternatively  could  provide  supplemental  power  for  additional  luxury  or  safety  features. 

The  ability  to  convert  the  large  amount  of  heal  available  in  the  exhaust  and  radiator 
streams  is  limited  mainly  by  two  parameters:  I)  the  conversion  efficiency  of  present  day 
thermoelectric  generator  materials;  and  2)  the  efficiency  of  the  extraction  of  heat  from  the 
respective  fluids  (the  exhaust  gas  or  the  liquid  coolant)  by  means  of  heat  exchangers.  The 
fir.st  of  these  is  a  problem  in  materials  research  which  we  will  discuss  in  more  detail  below; 
the  second  is  not  the  main  subject  of  this  paper,  but  represents  a  complex  design  issue 
which  must  .satisfy  many  constraints.  Here  we  will  simply  mention  a  few  of  the  main 
limitations  which  must  be  considered  in  such  sy.stcms: 

•  size  and  mass 

•  physical  location 

•  back  pressure 

•  system  cost 

The  total  thermal  power  Pj  in  Watts  available  in  a  flowing  fluid  can  be  characterized  simply 
by  the  expression: 


P^=Ac^hT  (I) 

where/?!  is  the  mass  flow  rate  of  the  fluid  in  kg  s  ',  c^is  the  .specific  heat  in  J  kg  '  K  ',  and  AT 
is  the  available  temperature  difference  mca.sured  in  Kelvin.  Thus  careful  estimate  of  the 
power  available  in  the  exhaust  gas  and  coolant  streams  requires  detailed  knowledge  of  the 
fluid  flow  rates,  heat  capacities,  and  temperatures.  For  exhaust  gas  systems  large 
temperature  differences  (as  much  as  1000  K)  arc  available  but  the  mass  flow  rates  arc 
modest.  In  coolant  systems,  the  available  temperature  difference  is  sm,all  (tens  of  Kelvin) 
but  the  mass  flow  rates  are  higher.  As  a  rc.sult,  as  mentioned  above,  the  total  thcrm,il  power 
available  in  the  two  streams  is  comparable,  and  both  should  be  considered  for  potential 
energy  conversion. 
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Thermoelectric  Climate  Control 


While  the  driving  force  behind  the  development  of  thermoelectric  generator  systems  is 
the  production  of  useful  electrical  power  from  waste  heat,  thermoelectric  climate  control  in 
automotive  systems  is  attractive  from  the  point  of  view  of  simplicity  and  environmental 
friendliness.  The  study  of  Molina  and  Rowland  in  1974  [6]  first  suggested  that 
chlorofluorocarbon  compounds,  principally  R-12,  or  Freon  (the  refrigerant  of  choice  in  air 
conditioning  systems  for  the  last  50  years),  were  destroying  the  protective  ozone  layer  in 
the  stratosphere  at  an  alarming  rate.  As  a  result,  the  Montreal  protocol  of  1987  has  led  to  a 
gradual  phasing  out  of  these  harmful  chemicals.  In  their  stead,  non  chlorine-containing 
fluorocarbons,  such  as  R-134a,  which  do  not  possess  the  long  term  stability  of  R-12,  have 
begun  to  receive  widespread  use  as  refrigerants  It  was  not  realized  until  quite  recently, 
however,  that  all  fluorocarbons,  including  both  R-12  and  R-134a,  can  contribute  to  global 
warming  [7].  This  is  because  these  gases  are  capable  of  absorbing  the  infrared  radiation  the 
earth  emits  to  stabilize  its  temperature.  The  infrared-absorbing  capability  of  a  gas  is 
measured  by  its  Global  Warming  Potential  (or  GWP)  index.  The  GWP  index  measures  the 
absorption  characteristics  relative  to  that  of  CO2,  which  is  defined  to  have  a  GWP  index  of 
unity.  The  GWP  indices  of  R-12  and  R-134a  are  8,500  and  1,300,  respectively.  In  other 
words,  one  kg  of  R-12  and  R-134a  are  equivalent  to  8,500  and  1,300  kg  of  CO2, 
respectively,  in  terms  of  their  global  warming  impact.  Thus  even  relatively  small  amounts 
of  these  chemicals  released  into  the  atmosphere,  e.g.,  via  leakage,  can  have  serious 
consequences  in  the  long  term. 

In  light  of  these  sobering  facts  it  is  natural  to  contemplate  alternative  cooling 
technologies  which  might  supplant  vapor  compression  systems  containing  such  chemicals. 
Thermoelectric  cooling  is  one  such  alternative  which  presents  many  advantages  including  all 
solid  state  operation,  electronic  capacity  control,  reversibility  to  provide  both  heating  and 
cooling,  and  high  reliability.  In  spite  of  these  many  benefits,  thermoelectric  cooling  has  not 
enjoyed  widespread  or  large  scale  use  due  to  the  low  efficiency  relative  to  vapor 
compression  systems. 

Here,  as  in  the  case  of  power  generation,  the  role  of  materials  research  comes  into 
play.  If  new  materials  can  be  developed  with  figure  of  merit  a  factor  of  two  greater  than 
those  available  today,  the  performance  of  TC  systems  will  approach  that  of  vapor 
compression  systems.  We  have  just  begun  to  see  some  progress  in  the  development  of 
such  materials.  In  the  following  sections  I  will  describe  some  of  our  experimental  work  on 
two  promising  families  of  materials  for  advanced  thermoelectrics:  skutterudite  compounds 
and  intermetallic  semiconductors. 

NEW  MATERIALS  FOR  ADVANCED  THERMOELECTRICS 
Filled  Skuttemdite  Compounds 

Much  of  the  renewed  excitement  in  thermoelectrics  was  initiated  by  the  observation  of  the 
JPL  group  [8]  that  some  members  of  a  family  of  compounds  called  skutterudites  possess 
fundamental  physical  properties  which  favor  large  thermoelectric  figure  of  merit.  The 
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thermoelectric  figure  of  merit  is  given  by  Z  =  S’o/k,  where  S  is  the  Secbcck  coefficient,  a 
the  electrical  conductivity,  and  K  the  thermal  conductivity,  and  is  optimized  in  heavily  doped 
semiconductors  of  low  lattice  thermal  conductivity.  The  skuttcrudite  compounds,  of  the 
form  ABj  with  A  =  Co,  Rh,  or  Ir  and  B  =  P,  As,  or  Sb,  were  studied  by  Dudkin  and 
coworkers  in  the  late  fifties  and  early  sixties  [9],  and  were  thought  to  be  semiconductors 
with  band  gaps  on  the  order  of  1  eV.  Their  potential  as  thermoelectric  materials  is  derived 
from  the  observation  that  p-type  materials  such  as  CoSbi,  IrSbi,  and  RhSbi  display  quite 
high  values  of  hole  mobility,  approaching  10''  cm^  V'  s  '  at  room  temperature,  which 
exceeds  that  of  all  p-type  semiconductors,  including  Si,  Ge,  and  GaAs.  At  the  .same  time, 
the  complex  unit  cell  (16  atoms)  and  heavy  atom  masses  provide  the  potential  of  low  lattice 
thermal  conductivity  in  this  compound.  Indeed,  sub.scquent  study  of  the  thermoelectric 
properties  of  CoSbi  and  IrSbi  showed  that  the  power  factor  (the  numerator  S^o  entering 
into  the  figure  of  merit)  is  quite  large  and  comparable  to  that  of  state  of  the  art 
thermoelectric  materials  .such  as  Bi2Te,i  and  PbTe.  Singh  and  Pickett  [10]  carried  out  band 
structure  calculations  for  the.se  materials  and  showed  that  the  skutterudites  are  very  narrow 
or  zero-band  gap  semiconductors  characterized  by  a  linearly  dispersing  valence  band  and 
conduction  bands  of  large  effective  mass.  The  observed  transport  properties  of  single 
crystals  of  CoSb?  [11]  were  consistent  with  this  picture.  Unfortunately,  although  the  power 
factor  for  binary  skutterudites  is  large,  the  thermal  conductivity,  while  moderately  small,  is 
about  a  factor  ten  too  high  to  make  these  compounds  u.scful  as  thcrmoelectrics. 

Interest  in  the  use  of  these  compounds  as  thermoelectric  materials  most  likely  would 
have  ceased  at  this  point  were  it  not  for  the  observation  of  Slack  and  Tsoukala  [  1 2]  that  the 
skuttcrudite  structure  is  amenable  to  modification  in  the  direction  of  a  greatly  reduced 
lattice  thermal  conductivity.  In  particuhu-,  the  unit  cell  contains  a  void  which  can  be  filled 
by  a  rare  earth  atom.  Because  the  radius  of  the  rare  earth  atom  is  significantly  smaller  than 
the  radius  of  the  void,  the  former  “rattles,”  i.e.,  exhibits  a  soft  phonon  mode.  Subsequently, 
Morelli  and  Meisner  [13]  provided  the  first  experimental  evidence  of  the  reduction  in  lattice 
thermal  conductivity  relative  to  unfilled  skutterudites  for  CeFc4Sb]2.  The.se  results  were 
confirmed  .shortly  thereafter  on  various  rare-earth  filled  skutterudites  by  Nolas,  et  al.  [14]. 
Figure  1  di.splays  the  thermal  conductivity  of  several  of  these  filled  .skuttcrudite  compounds 
as  measured  in  our  laboratory  and  it  is  clear  that  the  prediction  of  a  strong  reduction  in 
thermal  conductivity  upon  filling  up  the  skuttcrudite  structure  is  quite  convincingly 
demonstrated. 

While  void-filling  can  provide  a  strong  reduction  in  the  lattice  thermal  conductivity 
of  skutterudites,  the  introduction  of  a  primarily  trivaicnt  rare  earth  ion  will  no  doubt 
influence  the  electronic  structure  and  transport  properties.  Indeed,  in  CeFe4Sbi2,  from  a 
purely  crystal  chemistry  point  of  view,  the  substitution  of  Fe  for  Co  provides  4  additional 
holes  in  the  valence  band,  only  three  of  which  are  filled  by  electrons  from  the  rare  earth; 
there  is  thus  one  additional  hole  per  formula  unit,  and  this  material  should  be  a  p-type 
semimetal,  in  agreement  with  experiment  [13],  Much  excitement  was  recently 
demonstrated  when  the  studies  of  Saic.s,  et  al.  [15]  and  Fleurial,  et  al.  [16]  showed  that  by 
partial  suKstitution  of  Co  on  the  Fe  site,  the  hole  concentration  decreases,  causing  an 
increase  in  the  Seebeck  coefficient  which  then  gives  rise  to  the  enhanced  thermoelectric 
properties.  As  a  result,  samples  of  both  LaFe4  »CoxSbi2  and  CeFe4.,  CoxSbi2  display  ZT 
0.9-1 .4  at  elevated  temperatures.  It  was  perhaps  surprising  that  one  can  partially  substitute 
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Figure  1 .  Thermal  conductivity  of  several  skuUerudite  compounds,  n :  CoSbs  single  crystal; 
a:  IrSbs  polycrystal;  A:  CeFe4Sbi2;  •:  LaIr4Ge3Sb();  ♦:  SmIr4Ge3Sb9;  ■;  NdIr4Ge3Sb9; 
solid  line;  minimum  thermal  conductivity  corresponding  to  a  phonon  mean  free  path  of  one 
lattice  spacing. 


Co  for  Fe  in  CeFe4Sbi2  (and  related)  filled  skutterudites  since  it  was  previously  thought  that 
such  compounds  would  not  form  with  Co  on  the  transition  metal  site.  We  recently  [17] 
carried  out  a  detailed  study  of  CeyFe4.xCoxSbi2  with  0  <  x  <  2  and  showed  that  the  amount 
of  Ce  in  the  voids,  y,  decreases  strongly  with  Co  substitution,  and  the  resultant  transport 
and  thermoelectric  properties  are  determined  by  the  subtle  interplay  between  Co  doping  x 
on  the  Fe  site  and  the  rare  earth  filling  parameter  y.  Among  the  key  questions  that  need  to 
be  addressed  are:  What  is  the  valence  of  Ce  in  filled  skutterudites?  What  is  the  magnetic 
state  of  Fe  in  these  materials?  What  is  the  influence  of  partial  rare  earth  filling  and  Fe/Co 
doping  on  the  lattice  thermal  conductivity? 

If  it  is  assumed  that  the  Fe  in  CeFe4Sbi2  is  in  the  Fe^*  state,  and  that  the  Ce  is 
trivalent,  then  only  three  of  the  four  additional  holes  created  in  the  valence  band  by  the  Fe 
will  be  filled  by  electrons,  and  the  material  will  be  a  p-type  semimetal  with  one  hole  per 
formula  unit,  approximately  as  observed  [17].  As  Co  is  substituted  for  Fe,  the  number  of 
valence  band  holes  decreases,  but  at  the  same  time  the  amount  of  Ce  entering  the  voids  is 
diminished  as  well.  Thus,  instead  of  reaching  compensation  at  x  =  1  (three  holes  in  the 
valence  band  being  completely  filled  by  three  electrons  from  the  Ce)  compensation  is  not 
reached  until  x  =  3.  Thus  over  the  phase  space  in  which  CeyFe4.xC0xSbi2  forms,  one  can 
adjust  the  carrier  concentration  and  type  either  by  a)  altering  the  amount  of  rare  earth  filling 
the  void;  or  b)  changing  the  Fe/Co  ratio.  Figure  2  shows  the  variation  in  electrical 
resistivity  and  Figure  3  the  variation  in  thermoelectric  power  as  a  function  of  temperature 
for  p-type  samples  as  Co  is  substituted  for  Fe.  We  see  that  the  resistivity  evolves  from  a 
semimetallic  behavior  (p  =  5.5  x  10^’  holes  cm  ’)  for  x  =  0  to  an  activated  one  (p  =  6.0  x 
10“  holes  cm’’)  for  x  =  2,  while  the  room  temperature  Seebeck  coefficient  rises  from 
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Figure  3.  Thermoelectric  power  as  a  function  of  temperature  for  CeFc^,  Co>Sb|2. 
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approximately  50  pVK  '  to  nearly  150  pVK''.  For  samples  containing  little  or  no  Co  there 
occurs  a  hump  in  the  Seebeck  coefficient  near  50  K  whose  origin  is  not  understood  at  this 
time.  Because  this  hump  seems  to  affect  the  value  of  the  Seebeck  coefficient  at  room 
temperature,  we  make  no  attempt  to  derive  an  effective  mass  for  these  samples.  For  the  x  = 
2  sample,  however,  the  Seebeck  coefficient  is  more  well  behaved  as  a  function  of 
temperature,  and  from  these  data  and  the  hole  concentration  for  this  sample  we  derive  a 
hole  effective  mass  m*  =  4. 

Figure  4  displays  the  thermal  conductivity  as  a  function  of  temperature  for  CeFe4.x 
C0xSbi2  with  0  <  X  <  2.  For  Co-containing  samples  the  thermal  conductivity  is  dramatically 
depressed  relative  to  CeFe4Sbi2.  This  is  perhaps  somewhat  surprising  since  Co  and  Fe  have 
very  little  mass  and  size  difference.  The  origin  of  the  strong  phonon  scattering  for  samples 
with  a  nonzero  Co/Fe  ratio  is  not  understood  at  this  time  but  is  the  focus  of  current 
experimental  scrutiny. 


Temperature  (K) 


Figure  4.  Thermal  conductivity  as  a  function  of  temperature  for  CeFe4.x  CoxSbi2. 


We  see  that  the  origin  of  high  thermoelectric  figure  of  merit  in  Ce-filled  skutterudites  is  the 
heavy  carrier  effective  mass,  giving  rise  to  large  Seebeck  coefficient,  and  low  thermal 
conductivity  due  to  the  combination  of  scattering  from  the  soft  phonon  mode  associated 
with  the  rare  earth  atom  and  additional  phonon  scattering  on  the  Co/Fe  site.  Experiments 
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on  samples  with  x  >  2  are  currently  underway  in  order  to  probe  the  behavior  of  n-type 
samples.  Although  the  electron  mobility  tends  to  be  significantly  lower  than  the  hole 
mobility  in  skutterudite  compounds,  n-type  filled  skutterudites  are  predicted  [18]  to  have 
very  heavy  conduction  band  masses  which  should  yield  large  Seebeck  coefficients  and  high 
Z. 

1-1-1  Intermetallic  Compounds 

Our  investigation  of  this  interesting  class  of  compounds  began  with  studies  of  the 
transport  properties  of  NdBiPt  [19].  This  compound  is  isostructural  with  TiNiSn  and  as 
such  consists  of  three  interpenetrating  FCC  sublattices  with  one  element  on  each  sublattcc. 
Similar  to  the  ease  of  TiNiSn,  the  band  structure  of  NdBiPt  is  expected  to  reflect  that  of 
NdBi  but  with  the  bands  pushed  apart  by  the  prc.sencc  of  the  symmetry-breaking  Pt  atom  in 
the  lattice.  In  this  case  the  binary  substructure  compound  NdBi  is  a  good  semimetal  with  a 
carrier  concentration  of  approximately  10^'  cm  ’.  Figures  5  and  6  show  the  longitudinal 
and  Hall  resistivities  of  NdBiPt  as  a  function  of  temperature.  A  precursory  examination  of 
the  Hall  eurves  reveals  that  the  Hall  resistivity  changes  sign  as  a  function  of  both 


Figure  5.  Longitudinal  resistivity  p„(B)  at  selected  temperatures  for  NdBiPt. 


temperature  and  magnetic  field.  This  is  an  indication  that  at  least  two  carriers  of  opposite 
sign  are  active  in  this  material.  The  data  can  be  fit  to  a  two  band  model  consisting  of  holes 
of  coneentration  p  and  mobility  oj  and  electrons  of  concentration  n  and  mobility  p.  The 
results  indicate  that  NdBiPt  is  a  zero  gap  semiconductor  or  a  semimetal  of  very  small  (5 
meV)  overlap.  This  is  consistent  with  the  expected  band  structure  model  in  which  Pt 
pushes  the  bands  of  NdBi  apart  by  nearly  0.5  eV  and  results  in  a  decrease  in  carrier 
eoneentration  of  three  orders  of  magnitude.  Unlike  the  case  of  TiNiSn,  in  which  a  gap 
actually  forms,  NdBiPt  docs  not  develop  a  gap  because  the  binary  substructure  compound 
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Figure  6.  Transverse  (Hall)  resistivity  p,y(B)  at  selected  temperatures  for  NdBiPt. 


NdBi  possesses  a  quite  large  overlap.  It  is  expected  that  using  binary  substructures  with 
significantly  smaller  band  overlaps  relative  to  NdBi  will  lead  to  true  semiconductor 
compounds  when  the  ternary  structure  is  formed.  The  rare  earth-phosphide  and  arsenide 
rocksalt  substructures  would  be  a  good  place  to  start  in  this  regard. 

CONCLUSIONS 

With  the  advent  of  new  materials  with  enhanced  thermoelectric  properties  the 
opportunities  to  apply  TE  devices  in  the  automotive  industry  for  both  power  generation 
from  waste  heat  and  heating/cooling  will  be  many  and  varied.  Two  very  promising 
materials  systems  which  deserve  further  experimental  and  theoretical  scrutiny  are 
skutterudite  compounds  and  1-1-1  intermetallic  semiconductors.  The  subtle  interplay 
between  rare  earth  filling  and  transition  metal  doping  in  CeyFe4.xC0xSb|2  filled  skutterudites 
gives  rise  to  record  high  values  of  Z  at  high  temperature  and  provides  a  powerful  tool  for 
tailoring  and  optimizing  the  properties  of  this  fascinating  material.  In  the  case  of  1-1-1 
intermetallics,  such  as  TiNiSn  and  NdBiPt,  the  transition  metals  Ni  and  Pt  play  a  unique  role 
in  breaking  the  symmetry  of  the  lattice  and  forcing  the  substructure  TiSn  and  NdBi  bands 
apart  to  produce  semiconductor-like  materials  with  interesting  transport  properties.  In 
order  to  gauge  the  ultimate  potential  of  these  and  other  materials  for  TE  applications, 
detailed  and  careful  experimental  and  theoretical  studies  of  their  fundamental  physical 
properties  are  required. 
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ABSTRACT 

This  paper  presents  current  NASA  biomedical  developments  and  applic.ations  using 
thermoelectrics.  Discussion  will  include  future  technology  enhancements  that  would  be  most 
beneficial  to  the  application  of  thermoelectric  technology. 

A  great  deal  of  thermoelectric  applications  have  focused  on  electronic  cooling.  As  with  all 
technological  developments  within  NASA,  if  the  application  cannot  be  related  to  the  average 
consumer,  the  technology  will  not  be  mass-produced  and  widely  available  to  the  public  (a  key  to 
research  and  development  expenditures  and  thermoelectric  companies).  Included  are  discussions 
of  thermoelectric  applications  to  cool  astronauts  during  launch  and  reentry.  The  earth-based 
applications,  or  spin-offs,  include  such  innovations  as  tank  and  race  car  driver  cooling,  to  cooling 
infants  with  high  temperatures,  as  well  as,  the  prevention  of  hair  loss  during  chemotherapy.  In 
order  to  preserve  the  scientific  value  of  metabolic  samples  during  long-term  space  missions, 
cooling  is  required  to  enable  scientific  studies.  Results  of  one  such  study  should  provide  a  better 
understanding  of  osteoporosis  and  may  lead  to  a  possible  cure  for  the  disease. 

In  the  space  environment,  noise  has  to  be  kept  to  a  minimum.  In  long-term  space 
applications  such  as  the  International  Space  Station,  thermoelectric  technology  provides  the 
acoustic  relief  and  the  reliability  for  food,  as  well  as,  scientific  refrigeration/freezers. 
Applications  and  future  needs  are  discussed  as  NASA  moves  closer  to  a  continued  space 
presence  in  Mir,  International  Space  Station,  and  Lunar-Mars  Exploration. 


INTRODUCTION 

NASA’s  Vision  Statement:  “NASA  is  an  investment  in  America’s  future.  As  explorers, 
pioneers,  and  innovators,  we  boldly  expand  frontiers  in  air  and  space  to  inspire  and  serve 
America  and  to  benefit  the  quality  of  life  on  Earth.’’  One  portion  of  the  NASA’s  Mission 
Statement  is  to,  “research,  develop,  verify,  and  transfer  advanced  aeronautics,  space,  and  related 
technologies.” 

From  these  statements,  it  is  clear  that  NASA  is  funding  research  and  development  of  state-of- 
the-art  technologies  in  order  to  achieve  the  vision.  Thermoelectrics  is  not  an  exception.  In  the 
Biomedical  Engineering  field,  thermoelectrics  are  currently  used  in  freezers,  refrigerators, 
incubators,  astronaut  cooling,  and  animal  and  fish  habitats.  This  is  not  to  say  that  there  are  not 
more  areas  that  could  be  converted,  however,  the  key  is  to  increase  efficiency  since  power  is  a 
limited  resource  in  space. 

Within  the  vision  of  exploration,  the  Space  Shuttle,  International  Space  Station  (ISS),  and 
Mir,  are  not  NASA’s  only  concerns.  As  Dr.  Akira  Miyamoto  wrote  for  the  Life  Sciences  and 
Space  Medicine  Conference  in  1995,  “. .  .the  manned  space  program  has  recently  changed 
worldwide.  It  has  become  a  new  era  of  international  collaboration  because  it  is  difficult  to 
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achieve  our  programs  alone.  In  fact,  we  can  no  longer  afford  to  do  so.  International  cooperation 
among  agencies  is  becoming  more  valuable,  and  this  trend  will  continue  in  the  future.  This 
cooperation  must  be  extended  to  the  collection  of  baseline  medical  data.”  [1] 


THEORY 

Astronauts  suffer  from  a  progressive  and  continuous  negative  calcium  balance  and  associated 
bone  metabolism  disorders  during  spaceflight.  Several  studies  have  been  made  and  several 
experiments  have  been  conducted,  but,  little  experienee  has  been  gained  in  real-time  spaceflight. 
However,  the  cause  of  the  calcium  imbalances  and  the  bone  metabolic  disorders  are  still  not  clear. 
In  addition,  the  proper  treatment  for  metabolic  bone  disease  in  microgravity  is  still  obscure.  It 
will  soon  be  necessary  to  prevent  progressive  spaceflight  bone  decalcification  to  ensure  the 
success  of  missions  requiring  long  duration  stays  in  space  such  as  living  on  a  Lunar  base  or  a 
voyage  to  Mars  [2]. 

The  Human  Research  Facility  (HRF)  for  the  International  Space  Station  objectives  included: 
“to  facilitate  and  implement  the  science  efforts  of  the  NASA  and  external  Life  Sciences 
communities;  to  contribute  to  the  definition  of  critical  issues  which  affect  crew  health  and 
performance  during  long-duration  spaceflight;  and  to  develop  and  evaluate  countermeasures  to 
mitigate  risk  during  and  after  spaceflight.”  [3] 

In  March  1998,  a  Space  Shuttle  Spacelab  flight  will  occur  as  a  dedicated  mission  to  study 
neuroscience.  The  mission.  Neurolab,  will  include  areas  of  cellular  and  molecular  biology; 
developmental  neurobiology;  sensory  and  motor  systems;  nervous  system  homeostasis  and 
adaptation;  and  behavior,  cognition  and  performance.  Human  and  animal  research  will  be 
performed. 


%  CEI.I.  VIAnil.lTY  WITH  DlPFF.RrNT  FRFFZINO  TF.MPF.RATURF.S 


Figure  1  -  Cell  Viability  With  different  Freezing  Temperatures 
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The  studies  in  bone  density,  kidney  stones,  bone  metabolic  disorders,  and  calcium  imbalance 
for  these  missions  require  blood  and  urine  samples  from  the  crewmembers.  These  studies  are 
being  performed  on  Mir  and  the  Space  Shuttle  currently.  Extensive  research  will  be  performed  on 
the  International  Space  Station  ,  as  well  as,  any  Lunar  or  Mars  exploration.  These  studies  require 
refrigeration  (4°  C),  and  freezing  (-22°  C,  -80°  C).  As  seen  in  Figure  1 ,  cell  viability  is  dependent 
on  temperature  and  time. 

Thermoelectric  refrigerators  and  freezers  (-20°  C)  are  currently  being  utilized  on  the  Space 
Shuttle  and  Mir.  Issues  of  acoustic  noise  and  reliability  have  been  resolved,  however,  have  been 
more  taxing  on  the  available  power  than  vapor  compression. 

Furthermore,  as  seen  in  Figure  1 ,  due  to  the  lengthy  stays,  there  is  a  requirement  from  the 
science  community  for  an  International  Space  Station  -80°  C  freezer.  Without  the  efficiency,  this 
at  present  time,  cannot  be  thermoelectric.  In  both  the  -22°  C  and  the  -80°  C  cases,  5  ml  samples 
must  be  able  to  be  frozen  within  30  minutes. 

Science  for  the  International  Space  Station  also  requires  a  - 1 83°  C  freezer  for  use  in  studying 
protein  crystal  growth  (see  Figure  2).  This  commercially  backed  science  opens  the  way  for 
understanding  protein  structure  for  pharmaceuticals  development  of  drugs  to  combat  diseases 
such  as  cancer.  The  - 1 83°  C  freezer  also  provides  a  means  to  accomplish  genetic  studies  not 
achievable  with  the  -80°  C  or  -22°  C  freezers. 

REFRIGERATOR/FREEZER  NEEDS  FOR  ISS 


Temoerature 

Onerational  Need 

Science  Need 

+  4°  C+  3°  must  stay 
above  freezing 

Food  &  Drinks  includes  fresh 
fruits  and  vegetables  for  resupply 

Prechill  biological  specimens 
before  centrifuge 

Defrosting  samples 

Reagents  &  metabolic  kits 

Cells  for  Biotechnology 

-26°  C  +3° 

-26°  C  down  to  -40°  C 
but  needs  to  be  very 
stable  at  holding  temp. 

Frozen  Foods* 

Provides  water/food  for  ISS  crew 
members 

Biological  specimens 

Blood,  urine,  saliva,  animal  tissues, 
plants,  cells 

Protein  crystal  growth  studies 

-60  to  -90°  C 

Quick  freeze  for  animal  tissues 
Long-term  stowage  of  biological 
specimens 

-1 90°  C 

Protein  crystal  growth 

•  Industrial  Standards; 

-40°  C  Warehousing  and  transportation  of  frozen  foods 
-15-20°  C  Grocery  store  shelves  frozen  foods 
-26°C  Compromised  from  design  constraints 

-20-70°  C  Standard  for  all  biological  specimens.  Above  -20°  C  generally  considered  too  warm. 


Figure  2  -  Refrigeration/Freezer  Needs  for  ISS 
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Presently,  astronauts’  launch  and  entry  suits  arc  cooled  with  water,  using  thcrmoelcctrics. 
Water  flows  through  small  tubes  that  line  an  undergarment  in  the  crew  escape  suits  and  them 
circulated  for  cooling  through  the  thermoelectric  device  (Figure  5).  Food  freezers  are  being 
developed  for  the  International  Space  Station  that  must  be  able  to  maintain  food  for  up  to  90  days 
(4  crewmembers).  The  request  was  industry  standards  of  -40°C,  the  technology  today  for 
maximum  food  volume  with  minimal  stowage  mass  is  -20°C.  This  is  indeed  still  a  challenge  due 
to  power  constraints  and  a  power-off  requirement  of  6.5  hours  without  food  loss  with  an  ambient 
temperature  of  49°C. 

Many  incubators  are  required  for  animal  and  materials  study.  Thc.se  technologies  are  using 
thermoelectrics  for  the  range  of  4°C  to  40°C  for  very  small  quantities.  One  such  facility  is  the 
Avian  Development  Facility  (Figure  3)  which  is  a  fully  programmable,  closed  environment 
system  that  maintains  optimal  incubation  conditions  for  embryos  from  day  0  until  hatch. 


Figure  3  -  Avian  Development  Facility  -  Space  Flight  Prototype 


Figure  4  -  Ad\'anccd  SEParalion  (ADSEP)  -  Space  Flight  Processing  Faciliiv 
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This  system  mainiains  optimal  incubation  conditions  for  embryos  from  day  0  until  hatch.  This 
facility  provides  a  snapshot  of  embryogenesis  in  space  using  Japanese  quail  or  chicken  eggs. 


Figure  5  -  Launch  Entry  Suit 


Another  example  of  a  space  flight  processing  facility  requiring  controlled  temperature 
between  4-40°  C  is  the  Advanced  Separations  (ADSEP)  Facility  (Figure  4).  It  separates  living 
cells,  cellular  particles,  and  proteins  using  aqueous  two-phase  partitioning. 


CONCLUSION 

Commercial  spin-offs  are  unlimited  to  those  with  imagination.  A  de\  ice  similar  to  the  liquid 
cooling  garment  used  by  astronauts  was  developed  in  the  early  1980's  as  a  scalp  cooling 
mechanism  to  present  drug  induced  alopecia  [5]  during  chemotherapy.  This  successful  device 
used  ice  as  a  cooling  mechanism.  Liquid  cooling  garments  for  hot  enx'ironments  such  as  tank 
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and  race  car  drivers  have  been  requested.  Thc.se  garments  can  be  used  for  other  thermo¬ 
regulatory  di,sorders  in  infants,  as  well  as,  adults.  Firefighters  breathing  systems  and  suits  need 
cooling.  A  tube  chiller  developed  by  the  Biomedical  Hardware  Development  and  Engineering 
Office  is  used  to  tran.sport  blood  samples  from  donor  to  hospital  without  loss  of  critical  data. 

In  conclusion,  for  biomedical  needs,  thermoclcclrics  have  to  become  more  efficient  (a  better 
figure  of  merit)  systems  engineering  is  required  to  produce  the  most  efficient  unit.  The  developer 
of  the  engine  has  to  be  included  in  the  product  design  systems  engineering  team  to  understand  all 
constraints  and  limitations  the  chip  will  see.  NASA  John.son  Space  Center  is  supportinc 
thermoelectric  research  in  the  hope  of  achieving  the  more  efficient  thermoelectric  devices. 
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ABSTRACT 

We  have  investigated  the  magnetic  and  transport  properties  of  CeyCo4Sbi2  filled 
skutterudites  with  the  filling  fraction  y  <  0.1.  These  compounds  are  n-type  materials  that 
develop  a  magnetic  moment  upon  the  presence  of  trivalent  cerium.  Cerium  has  a  strong 
influence  on  all  transport  properties  and  even  in  small  amounts  it  drastically  reduces  the  lattice 
thermal  conductivity.  The  resulting  figures  of  merit  are  comparable  to  the  values  established 
previously  for  the  p-type  filled  skutterudites. 

INTRODUCTION 

Much  effort  has  recently  been  focused  on  the  synthesis  and  physical  properties  of  the 
class  of  solids  called  skutterudites.  The  interest  stems  chiefly  from  their  promise  as  novel 
thermoelectric  materials  [1,2].  In  their  simple  (unfilled)  form  with  a  generic  formula  AB3  where 
A  is  any  one  of  Co,  Ir  or  Rh,  and  B  stands  for  a  pnicogen  element  such  as  As,  P  or  Sb,  the 
skutterudites  display  very  high  mobility  and  large  thermopower,  making  the  so-called  power 
factor  P  =  o  among  the  highest  ever  measured.  Unfortunately,  the  thermal  conductivity  of 
these  unfilled  skutterudites  is  too  high  and  the  figure  of  merit  Z  =  a  S^/k  is  not  competitive 
with  the  state-of-the-art  thermoelectric  materials  based  on  Bi2Te3,  PbTe,  or  Si-Ge  alloys. 
However,  thanks  to  its  open  structure  with  voids  (or  “cages”)  that  are  large  enough  to 
accommodate  foreign  atoms,  the  prospect  of  these  materials  for  thermoelectric  applications  is 
considerably  enhanced.  The  atoms  in  the  cages  of  such  filled  skutterudites  are  weakly  bound 
and  their  vibration  (“rattling”)  impedes  the  heat  flow  so  much  that  the  resulting  thermal 
conductivity  is  depressed  to  values  not  too  different  from  those  observed  on  amorphous  solids 
[3].  At  the  same  time,  by  filling  the  voids,  the  favorable  electronic  properties  do  not  appear  to 
be  totally  washed  out.  The  overall  outcome  is  a  record-high  thermoelectric  figure  of  merit  [4]. 

In  our  previous  work  we  have  studied  the  low  temperature  transport  properties  of  both 
simple  CoSb3  [5]  and  the  Ce-filled  skutterudites  [6]  based  on  CeyFe4.xC0xSbi2.  Specifically,  we 
have  shown  that  Co  substitution  at  the  Fe  sites  suppresses  hole  transport  and,  at  high  Co 
content,  results  in  an  n-type  material.  Furthermore,  we  have  demonstrated  that  the  Ce  filling 
fi'action  depends  very  sensitively  on  the  Co  concentration.  For  instance,  while  the  cages  of  the 
X  =  0  compound  are  essentially  all  occupied  by  Ce  (y  =  0.98),  at  the  other  extreme  of  no  Fe 
present  (x  =  4)  the  cages  are  only  sparsely  populated  with  Ce  (y  <  0.07).  The  excess  of  Ce 
apparently  nucleates  as  a  minute  amount  of  a  second  phase  the  trace  of  which  is  detected  in  the 
x-ray  structural  analysis  and  magnetic  susceptibility. 

In  this  study  we  focus  on  the  compounds  with  100%  Co  content,  i.e.  x=  4,  and  low 
level  of  Ce  doping.  The  aim  here  is  to  explore  the  domain  of  n-type  transport,  and  to  inquire 
how  large  a  fi'actional  occupancy  is  needed  in  order  to  drastically  reduce  the  thermal 
conductivity. 
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RESULTS  AND  DISCUSSION 


Samples  and  Techniques 

The  object  of  the  study  arc  samples  of  Cej,Co4Sb|2  with  Ce  filling  franctions  y 
comparable  to  or  smaller  than  the  critical  filling  fraction  y  =  0.07  established  for  this  compound 
previously  from  the  microprobe  measurements  [6],  The  nominal  Ce  compositions  together  with 
the  relevant  transport  parameters  of  the  samples  are  summarized  in  Table  I.  Samples  in  the 
form  of  parallelepipeds  were  prepared  by  the  method  described  in  Ref  6  and  their  x-ray 
analysis  confirmed  a  single-phase  nature  of  the  material.  Magnetic  studies  were  made  using  a 
Quantum  Design  SQUID  Magnetometer,  and  the  electrical  and  thermal  transport  measurements 
were  carried  out  using  a  4-probe  potentiometric  technique  and  the  longitudinal  steady-state 
method,  respectively. 

Table  I.  Room  temperature  parameters  for  the  samples  under  study. 


Composition 

Carrier  density 
(lO^W^) 

Hall  mobility 
(cm^  V' s-') 

Effective  mass 
m* 

Curie  constant 
(emu  Kg') 

Fig.  of  merit 
ZT 

CoSb3 

0.0067 

72 

3.8 

0.008 

Ceo,o5Co4Sbi2 

0.6 

55 

1.8 

2.43x10-' 

0.11 

Ceo.o75Co4Sb|2 

1.4 

41 

2.4 

1.85x10-' 

0.16 

Ceo.iooCo4Sb|2 

2.8 

25 

4.7 

4.50x10-' 

0.20 

Structural  Studies 


The  inset  in  Fig.  1  displays  the  lattice  constant  of  CeyCo4Sb|2  as  a  function  of  Ce 
concentration.  A  linear  functional  dependence  is  seen  to  persist  up  to  about  y  =  0.1.  Beyond 
this  filling  fraction,  the  lattice  constant  is  essentially  independent  of  Ce  content.  The  data,  in 
conjunction  with  the  microprobc  measurements,  indicate  that  up  to  the  limit  of  y  =  0.1,  Ce  is 
incorporated  in  the  cages  of  this  skutterudite  structure.  At  larger  concentrations  of  Ce  the  cages 
are  saturated  (although  filled  to  only  about  10%)  and  the  excess  Ce  participates  in  the 
formation  of  an  impurity  phase.  This  conjecture  is  supported  by  the  x-ray  diffraction  data 
which,  for  y  <  0.1,  show  only  peaks  corresponding  to  the  filled  skutterudite  structure  (see 
Fig.l)  while  at  high  Ce  content  additional  small  peaks  are  evident. 

Magnetic  Susceptibility 

Magnetic  susceptibility  was  measured  over  the  temperature  range  6-300K  and  the  data 
are  shown  in  Fig.2.  Due  to  the  formation  of  a  hybridized  d^sp^  bond  between  Sb  and  one  of  Co 
d-electrons,  the  remaining  d-electrons  of  Co  are  paired  up  resulting  in  a  nonmagnetic  d** 
configuration.  Thus,  CoSb3  should  be  a  diamagnetic  compound  and  the  behavior  of  its 
susceptibility  indeed  confirms  this.  Compounds  containing  Ce  develop  magnetic  moments  and 
the  Curie-Weiss  character  of  susceptibility  is  clearly  evident.  We  analyze  the  susceptibility 
data  using  the  expression 

X  =  C/(T-e)-rx„  (1) 
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Figure  1:  X-ray  diffraction  data  | 
for  Ceo.iCo4Sbi2  sample.  ^ 
Variation  of  the  lattice  | 
constant  with  Ce  content  “ 
is  shown  in  the  inset.  joooo 
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where  C  is  the  Curie-Weiss  constant,  6  is  the  Curie  temperature,  and  Xo  stands  for  the 
background,  temperature  independent  contribution.  The  fits  to  the  data  are  shown  in  Fig.2  as 
solid  lines,  the  Curie-Weiss  constants  are  given  in  Table  I,  and  the  Curie  temperatures  for  the 
three  Ce  containing  samples  are,  in  order  of  the  increasing  Ce  content,  30. 2K,  20. 2K,  and 
10. 6K,  respectively.  From  the  values  of  the  Curie-Weiss  constant  we  deduce  an  effective 
moment  per  Ce  atom  of  2.58,  1.84,  and  2.48  Bohr  magnetons,  respectively,  consistent  with  the 
theoretical  value  of  2.54  for  trivalent  cerium. 


Figure  2:  Temperature  dependence  of 
magnetic  susceptibility.  Solid 
curves  are  fits  using  Eq.l . 
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Resistivity  and  Thermonowcr  Measurements 

All  samples  in  this  study,  including  the  undoped  CoSbj,  are  n-type  conductors  with  the 
room  temperature  values  of  the  carrier  density  and  Hall  mobility  given  in  Table  I.  The 

temperature  dependence  of  the  resistivity  is  shown  in  Fig,3. 

The  n-type  nature  of  transport  is  also  clearly  reflected  in  the  negative  sign  of  the 
thermopower.  The  undoped  CoSbj  displays  a  huge  negative  thermopower,  sec  Fig.4,  with 
values  in  excess  of  650  pV/K  near  room  temperature.  With  increasing  electron  concentration  the 
thermopower  rapidly  diminishes  but  remains  at  rc.spcctable  values  of-  170  pV/K.  These  values 
are  comparable  to  the  data  on  n-type  single  crystals  [7]  and  large  magnitudes  of  the 
thermopower  are  presumably  due  to  the  large  electron  effective  mass  predicted  for  these 
compounds  [8].  The  experimental  effective  masses,  obtained  with  the  aid  of  Eqs.  2  and  3, 


5  = 


'2Fj(r7) 

F  (ri) 
V  o  ' 


\ 

-1 


(2) 


n  = 


4  f  2n 


(3) 


where  Ti  =  — —  and  F^  is  a  Fermi  integral  of  order  x,  are  given  in  Table  1. 

kj 
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Figure  3:  Temperature  dependence  of  the 
electrical  resistivity.  Right-hand 
scale  for  CoSb3,  left-hand  scale 
for  the  Ce-doped  samples 
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Figure  4:  Thermopower  as  a  function  of 
temperature  for  the  investigated 
samples. 
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Thermal  Conductivity 

Temperature  dependence  of  the  thermal  conductivity  of  our  samples  is  displayed  in 
Fig.5.  The  corresponding  electronic  thermal  conductivity  contributions  calculated  using  the 
resistivity  data  of  Fig.3  and  assuming  the  validity  of  the  Wiedemann-Franz  law  represent  a 
fraction  of  a  percent  of  the  total  thermal  conductivity  at  300K  for  CoSbs  but  reach  about  16% 
for  Ceo  ioCo4Sbi2.  The  undoped  CoSbs  shows  a  typical  dielectric  behavior  with  a  dominant 
peak  near  30K  followed  by  a  gradually  decreasing  thermal  conductivity  as  phonon-phonon 
umklapp  scattering  takes  over  at  higher  temperatures.  For  comparison,  the  solid  line  in  Fig.  5 
shows  the  data  for  a  single  crystal  of  €0863  reported  on  previously  [5].  While  the  grain 
boundary  scattering  degrades  the  thermal  conductivity  in  the  vicinity  of  its  peak  value,  there  is 
little  difference  between  the  polycrystalline  and  single  crystal  specimens  at  room  temperatures. 

The  presence  of  Ce  in  the  structure  has  a  profound  influence  on  the  thermal 
conductivity  at  all  temperatures.  Not  only  is  the  peak  dramatically  suppressed  but  the  room 
temperature  value  of  the  conductivity  is  also  strongly  depressed.  These  data  further 
substantiate  previous  observations  [3,9]  of  a  marked  reduction  in  the  thermal  conductivity 
upon  filling  the  cages  of  skutterudites.  In  fact,  the  present  results  indicate  that  surprisingly 
little  Ce  is  needed  to  strongly  scatter  phonons  and  gain  a  significant  advantage  from  the 
reduction  of  the  thermal  conductivity. 


Thermoelectric  Figure  of  Merit 


The  data  of  Figs. 3-5  serve  as  a  basis  for  calculation  of  the  dimensionless  figure  of  merit 
ZT  and  the  room  temperature  values  are  entered  in  Table  I.  Clearly,  these  values  do  not 
compete  favorably  with  the  room  temperature  figure  of  merit  of  Bi2Te3-based  compounds. 
However,  the  numbers  for  the  n-type  Ce-doped  samples  are  very  similar  to  those  measured  on 
p-type  filled  skutterudites  at  comparable  temperatures  [4,10].  Assuming  that  the  temperature 
dependence  above  300K  would  be  similar  for  both  n-type  and  p-type  filled  skutterudites,  the 
compounds  under  study  would  appear  as  very  competitive  for  the  n-type  leg  of  the  high 


Figure  5:  Temperature  dependence 
of  thermal  conductivity. 
Solid  line  represents  the 
data  for  a  single  crystal  of 
CoSbs  fi-om  Ref.  5. 
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temperature  thennoclectric  couple.  The  material  compatibility  of  the  n-type  and  p-type 
branches  would  bo  a  distinct  advantage  in  the  manufacture  of  thennoclectric  power  generators. 

CONCLUSIONS 

The  cages  of  the  CoSb3  structure  can  accommodate  Ce  up  to  a  filling  fraction  of  y  ~  0. 1 . 
The  presence  of  Ce  leads  to  an  n-type  character  of  transport  and  to  a  development  of  a 
magnetic  moment  that  reflects  a  trivalent  state  of  Ce.  While  the  thermal  conductivity  of  Ce- 
filled  skutterudites  is  very  strongly  suppressed,  the  mobility  remains  reasonably  large.  These 
features  result  in  the  figure  of  merit  that  is  comparable  or  even  exceeds  the  values  reported  for 
the  p-type  filled  skutterudites  at  room  temperature.  The  availability  of  both  n-type  and  p- 
type  filled  skutterudites  with  high  figures  of  merit  is  an  encouraging  step  forward  in  the  quest 
to  develop  an  efficient  thermoelectric  power  generation  capability. 
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ABSTRACT 

We  report  the  measurement  of  the  thermal  conductivity,  electtical  resistivity,  and 
thermoelectric  power  on  two  quasicrystalline  compounds,  Al^jPdjoRe,,,  and  AljjsCUjjFcuj. 

These  materials  are  found  to  posses  a  thermal  conductivity  of  order  1  W/m  K,  while  retaining  their 
semimetallic  conductivity.  These  features  coupled  with  moderately  large  thermopowers,  up  to  55 
pV/K,  imply  that  the  general  class  of  quasicrystalline  compounds  warrants  careful  investigation  for 
their  potential  as  new  thermoelectric  materials. 

INTRODUCTION 


The  recent  surge  of  interest  in  potential  applications  for  thermoelectric  (TE)  materials  has 
driven  a  new  surge  of  interest  and  research  into  the  discovery  of  new  thermoelectric  materials.  In 
the  mid  1960’s  a  great  deal  of  research  was  undertaken  to  find  new  and  better  TE  materials.  While 
this  research  had  early  successes  with  BijTcj,  and  Si,.,Ge,,  researchers  rapidly  ran  out  of  new 
classes  of  compounds  in  which  to  search  for  better  TE  properties  and  the  research  subsided.  The 
resent  surge  in  research  in  TE  materials  is  partly  related  to  the  great  strides  that  have  been  made  in 
materials  synthesis  in  the  last  20  years.  Dozens  of  new  classes  of  compounds  have  been 
discovered  which  show  promise  as  good  TE  materials.  The  main  question  lies  in  what  classes 
show  the  best  promise  and  therefore  should  be  examined. 

The  primary  input  into  which  materials  should  be  examined  lies  in  the  three  material 
dependent  properties  entering  the  thermoelectric  figure  of  merit  XT: 


ZT  = 


K 


(1) 


where  a  is  the  electrical  conductivity,  a  is  the  thermopower,  K  is  the  thermal  conductivity  and  T  is 
temperature.  What  is  desired  when  searching  for  a  promising  class  of  compounds  is  to  find 
systems  with  two  good  properties  and  a  key  as  to  how  to  improve  the  third.  For  instance,  typically 
a  material  having  high  electrical  conductivity  has  high  crystallinity.  Low  thermal  conductivity  on 
the  other  hand  requires  a  large  unit  cell,  a  glassy  structure,  or  very  weakly  bound  atoms  ‘rattling’ 
inside  the  lattice.  The  thermoelectric  power  is  less  predictable  since  it  relies  on  the  derivative  of  the 
density  of  states  at  the  Fermi  level.  Given  this,  it  is  most  straightforward  to  begin  a  search 
examining  classes  having  high  crystallinity  and  large  unit  cells.  Quasicrystals  represent  the 
extreme  limit  of  this  type  of  a  material. 

QUASICRYSTALS 

Quasicrystals  are  the  name  given  to  any  compound  which  displays  a  ‘forbidden’  structural 
symmetry.  The  most  common  quasicrystals  have  either  a  5-fold  of  a  10-fold  axis  of  rotation,  in 
addition,  compounds  with  8-  and  12-fold  axes  are  also  known.’’^'^  5-fold  symmetric  crystals  have 
icosahedral  symmetry,  and  as  such  are  called  icosahedral  quasicrystals.  A  5-fold  axis  cannot  occur 
in  a  traditional  translationally  ordered  solid  because  a  2-dimensional  tiling  of  pentagons  cannot  fill 
all  space.  Hence,  true  quasicrystals  have  no  fianslational  long  range  order,  rather,  the  unit  cell  size 
is  the  size  of  the  entire  crystal.  Quasicrystals  do,  however,  have  long  range  positional  order. 
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Quasiciystals  are  argued  to  grow  by  means  of  local  matching  rules  governing  the  orientation  of 
new  atoms.  By  using  a  particular  set  of  local  matching  rules  for  the  addition  of  new  atom  clusters, 
a  crystal  can  be  formed  in  which  the  position  of  all  atoms  in  the  lattice  is  uniquely  determined,  yet 
no  repeating  pattern  exists.  This  positional  order  gives  rise  to  sharp  x-ray  diffraction  lines  similar 
to  those  of  conventional  single  crystals.' 

The  icosahedral  quasicrystals  form  the  largest  family  of  quasicrystalline  materials  with  about 
60  members  known.^  Of  these  systems  12  can  be  grown  as  single  domain  macroscopic  crystals  of 
large  enough  size  to  perform  ‘intrinsic’  transport  measurements.  For  this  reason  we  will  discuss 
results  on  these  stable  quasicrystalline  phases. 

Most  icosahedral  quasicrystals  are  composed  of  icosahedral  metal  clusters  known  as  Pauling 
triacontahedra  (containing  44  atoms)  or  MacKay  icosahedra  (containing  54  atoms).  These  clusters 
are  then  arranged  with  additional  linking  atoms  in  a  non-repeating  pattern  to  form  a  quasicrystal. 

In  some  cases  these  clusters  are  arranged  in  a  repeating  pattern,  these  systems  are  known  as 
quasicrystalline  approximants.  Most  of  the  understanding  of  electronic  and  phonon  structure  and 
precision  knowledge  of  atomic  positions  in  quasicrystalline  materials  are  actually  determined  from 
measurements  on  and  calculations  of  stable  approximant  phases.  One  such  approximant  AljCuLi, 
is  a  bcc  lattice  of  Pauling  triacontahedra  and  containing  a  total  of  1 80  atoms  per  unit  cell.  This  is 
actually  a  small  approximant  lattice  since  phases  with  lattice  constants  of  up  to  100  A,  containing 
about  50,000  atoms  per  cell,  are  known.'  These  approximants  are  interesting  in  their  own  right 
but  due  to  space  they  will  not  be  discussed. 

EXPERIMENTAL 

Due  to  the  essentially  infinite  unit  cell  size  of  a  true  quasicrystal,  the  thermal  conductivity  is 
extremely  low  when  compared  to  other  crystalline  materials  composed  of  metal  atoms.  Figure  1 
shows  thermal  conductivity  data  for  three  quasicrystalline  materials,  Alj2  5Cu2,Fe|2  5,  Al,jPd2oRe,o, 
and  Al,oPcyt4n|o.  The  presented  thermal  conductivities  are  all  around  1  W/mK  at  150  K.  This  is 
a  factor  of  2  lower  than  typical  doped  BijTe,  materials.  This  thermal  conductivity  is  low  enough  to 
fall  into  the  range  commonly  found  for  amorphous  glasses.*  In  the  thermoelectric  figure  of  merit 
one  divides  by  k.  Hence,  these  low  values  of  k  greatly  enhance  the  potential  for  TE  application  of 
quasicrystalline  materials.  While  few  studies  of  the  thermal  conductivity  have  been  made  on  stable 
quasicrystalline  compounds,  most  materials  examined  have  below  about  3  W/mK  at 
temperatures  below  150  K. 


Temperature  (K) 

Figure  1,  Thermal  conductivity  for  AlPdRe,  AlPdMn,  and  AlCuFe  quasicrystals. 
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The  electrical  properties  of  these  materials  also  display  interesting  behavior.  Nearly  all  stable 
single-domain  quasicrystals  display  semimetallic  resistive  behavior  with  p(300K)  between  0.1  and 
10  mfl  cm.  At  low  temperatures  the  resistivity  increases  by  a  factor  of  anywhere  from  1  to  20. 
These  data  imply  that  quasicrystals  have  a  small  gap  of  less  than  0.2  eV.^  Quasicrystals  are 
actually  argued  to  have  a  pseudogap,  with  the  gap  caused  by  strong  electron  localization  at  the 
Fermi  level.  Due  to  localization,  conduction  at  low  temperatures  is  best  described  using  models  of 
weak  localization  and  strong  electron-electron  scattering.  One  of  the  primary  results  of  localization 
in  these  materials  is  that  it  is  enhanced  by  the  crystallinity  of  the  sample.  Hence,  better  atomic 
order  (evidenced  by  sharper  x-ray  or  electron  diffraction  lines)  leads  to  higher  resistivity  This  is 
the  opposite  behavior  to  that  typically  observed  for  a  metallic  material.  Hence,  the  resistivities 
measured  on  high-quality  single-domain  samples  provide  a  maximum  limit  to  the  resistivity  in  a 
tuned  material.  Another  key  to  the  resistivity  is  that  it  tends  to  increase  as  the  average  atomic 
number  of  the  alloy  increases.  This  was  first  described  in  studies  of  single  domain  Al^oCu^oFe,;,, 
Al^jCuj^RUio  and  AItoGUjoGs,;,  quasicrystals.’  All  these  features  provide  one  with  handies  with 
which  to  tune  the  electric^  behavior  of  quasiciystalline  materials. 

The  three  materials  studied  here,  Al^oPdjoReio,  Aljj  sCu^jFeu  ,,  and  Tij4Zr25Ni2o  show 
widely  varying  transport  characteristics,  indicative  of  the  great  variability  inherent  in  the  electrical 
properties  of  £ese  materials.  AlPdRe  has  a  large  resistivity  which  increases  rapidly  as  T  is 
lowered.  AlCuFe,  however,  has  a  room  temperature  resistivity  roughly  half  that  of  AlPdRe,  and 
only  increases  by  a  factor  of  2  down  to  4  K.  TiZrNi,  then,  displays  the  lowest  resistivity  and  the 
smallest  change  in  resistivity  at  low  temperatures.  This  trend  of  lower  resistivity  correlating  with 
smaller  temperature  dependence  of  the  resistivity  is  a  common  feature  to  many  quasicrystals 
studied  and  may  be  a  universal  property  of  these  systems.’  While  the  resistivity  of  the  AlPdRe  and 
AlCuFe  samples  appear  to  be  too  large  for  good  thermoelectric  materials,  the  TiZrNi  sa^le  does 
have  a  large  enough  conductivity  to  be  of  interest.  Most  importantly,  while  the  conducti%ity  of  the 
AlPdRe  and  AlCiJ'e  samples  differed  by  more  than  a  factor  of  2,  their  thermal  conductivities  were 
nearly  indistinguishable.  Thermal  conductivity  measurements  on  TiZrNi  have  yet  to  be  performed. 


Figure  2,  Resistivity  vs.  temperature  for  AlPdRe,  AlCuFe,  and  TiZrNi  quasicrystals. 
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Temperature  (K) 


Figure  3,  Thermoelectric  power  vs.  temperature  for  AJPdRe,  AJCuFe  and  TiZrNi 

Quasicrystals. 

Finally,  a  good  thermoelectric  must  have  a  large  thermopower.  Published  data  on  the 
thermopower  of  quasicrystals  is  rather  scarce.  In  the  literature  one  finds  thermopowers  ranging 
from  -30  pV/K  to  -^50  pV/K.*  While  these  are  currently  not  yet  large  enough  for  thermoelectric 
application,  the  interest  is  that  nearly  this  entire  variability  can  be  found  in  a  single  quasicrystalline 
compound,  AlCuFe.  At  room  temperature,  the  iron  rich  material  (Al^jCuj^.Fe,,)  has  a  =  +45 
pV/K,  while  the  iron  poor  composition  (AIjjjCujjjFe,,)  has  a  =  -30  pV/K.’ 

For  AlCuFe  quasicrystals  we  find  a  thermopower  in  the  range  of  the  previously  published 
data  (Figure  3).  AlPdRe  on  the  other  hand,  is  found  to  have  a  very  large  thermopower  for  a 
quasicrystal  +55  pV/K  and  to  be  fairly  constant  over  the  temperatures  from  150  K  to  300  K.  This 
broad  range  of  high  thermopower  is  just  what  is  needed  for  a  widely  useful  low  temperature  TE 
cooling  system.  TiZrNi,  while  having  the  best  conductive  properties  of  the  three  systems  studied 
also  has  the  lowest  thermopower.  The  variability  and  sensitivity  of  the  thermopower  to  slight 
changes  in  the  composition  or  structure  are  also  borne  out  in  band  structure  calculations’  ’"  and  in 
photoemission  measurements."  Both  measurements  predict  large  sharp  features  in  the  density  of 
states  surrounding  the  pseudogap  at  the  Fermi  energy. 

SUMMARY 

The  quasicrystals  are  going  to  be  interesting  materials  to  study  with  regard  to  TE  applications 
primarily  because  they  closely  match  the  concept  of  an  ideal  thermoelectric  material  being  an 
electron  crystal  but  a  phonon  glass.  Quasicrystals  have  thermal  conductivities  approaching  those 
of  amorphous  metals  and  insulators  while  they  have  conducPve  properties  similar  to  those  of  bad 
metals  and  small  gap  semimetals.  By  changing  the  chemical  composition,  dopant  concentrations, 
or  crystallinity,  the  conductivity  of  quasicryst^s  should  prove  readily  tunable.  In  addition,  the 
great  sensitivity  of  the  magnitude  and  sign  of  the  thermopower  in  the  few  quasicrystals  so  far 
studied  provides  hope  that  higher  thermopowers  can,  and  will,  be  found.  Although  the 
quasicrystals  form  a  rather  large  class  of  compounds,  for  each  quasicrystal,  there  also  typically 
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exists  at  least  one  quasicrystalline  approximant  phase.  These  approximants  should  also  be 
investigated  for  their  potential  as  thermoelectric  materials  since  they  are  known  to  have  similar 
electrical  properties  to  their  related  quasicrystals.' 
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ABSTRACT 

New  Bi-hased  chalcogenide  compounds  have  been  prepared  using  the  polychalcogenide  flux 
technique  for  crystal  growth.  These  materials  exhibit  characteristics  of  good  thermoelectric 
materials.  Single  crystals  of  the  compound  CsB^Tee  have  shown  conductivity  as  high  as 
2440  S/cm  with  a  p-type  thermoelectric  power  of  =  -t-1 10  (J.V/K  at  room  temperature.  A  second 
compound,  p-K2Bi8Sei3  shows  lower  conductivity  ~  240  S/cm,  but  a  larger  n-type  thermopower 
=  -200  pV/K.  Thermal  transport  measurements  have  been  performed  on  hot-pressed  pellets  of 
these  materials  and  the  results  show  comparable  or  lower  thermal  conductivities  than  Bi2Te3.  This 
improvement  may  reflect  the  reduced  lattice  symmetry  of  the  new  chalcogenide  thermoelectrics. 
The  thermoelectric  figure  of  merit  for  CsBUTeg  reaches  ZT  =  0.32  at  260  K  and  for  p-K2Bi8Sei3 
ZT  =  0.32  at  room  temperature,  indicating  that  these  compounds  are  viable  candidates  for 
thermoelectric  refrigeration  applications. 

INTRODUCTION 

The  last  several  years  have  witnessed  a  renewed  interest  in  thermoelectric  materials,  prompted 
by  factors  such  as  environmental  concerns  over  existing  refrigerants  and  also  by  new  ideas  of  how 
to  achieve  improved  thermoelectric  performance  [1,2].  In  addition,  advances  in  materials  synthesis 
techniques  that  have  occurred  over  the  past  few  decades  provide  new  approaches  to  materials 
preparation.  Recent  examinations  of  the  significant,  existing  body  of  knowledge  on  thermoelectric 
materials,  especially  Bi2Te3,  have  suggested  several  avenues  of  research.  These  routes  primarily 
focus  on  achieving  materials  with  lower  thermal  conductivity  without  sacrificing  the  relevant 

electrical  properties  of  thermoelectric  power  (S)  and  conductivity  (0)  [2,3]. 

One  new  solid-state  synthesis  technique,  the  polychalcogenide  flux  technique,  employs  alkali 
metal/ehalcogenide  fluxes  to  aid  the  formation  of  ch^cogenide  materials  at  temperatures  below 
those  used  for  traditional  solid-state  synthesis  methods.  This  low  temperature  synthesis  method 
was  recently  reviewed  by  Kanatzidis  and  Sutorik  [4]  and  has  proven  itself  as  an  effective  route  to 
new  compounds  derived  chemically  and/or  stmcturally  from  Bi2Te3.  These  new  compounds 
represent  kinetically  favored,  rather  than  thermodynamically  favored  reaction  products,  and  this 
distinction  has  enabled  the  identification  of  new  Bi-chalcogenide  materials.  The  properties  of  these 
new  materials  are  encouraging.  They  often  exhibit  electrical  properties  similar  to  Bi2Te3  [5-7],  but 
thermal  transport  results  suggest  that  the  structured  differences,  which  could  be  generally  described 
as  lower  crystalline  symmetry,  act  to  reduce  the  thermal  conductivity  (k).  This  result  moves  in  the 
desired  direetion  for  improving  the  thermoelectric  figure  of  merit,  Z,  defined  as; 


K 

and  this  provides  impetus  to  develop  these  materials  further.  This  report  describes  the  electrical  and 
thermal  transport  properties  and  the  thermoelectric  figure  of  merit  for  several  new  chalcogenide 
thermoelectric  materials. 
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EXPERIMENTAL 

Single  crystal  samples  of  the  compounds  CsB^Teg  and  p-K2BigSei  3  were  prepared  using  a 
molten,  polychalcogenide  flux  technique  [4,8,9].  The  resulting  crystals  showed  a  thin  needle 
morphology  of  approximately  rectangular  cross-section,  with  typical  cross-sectional  dimensions 
~  20  -  200  pm.  Samples  having  larger  cro.ss-section  often  consisted  of  a  fused  bundle  of  smaller 
crystals  and  such  samples  were  not  chosen  for  electrical  measurements.  The  crystals  exhibited 
lengths  -2-20  mm  along  the  needle  axis,  providing  a  very  good  geometry  for  the  electrical 
measurements.  In  order  to  obtain  more  accurate  determinations  of  the  thermoelectric  figure  of 
merit,  Z,  each  single  crystal  was  used  for  both  conductivity  and  thermopower  characterizations. 
Also,  several  samples  of  each  material  type  were  measured  to  screen  for  variations  in  the  electrical 
properties  among  the  cry.stals.  Some  crystals  of  the  p-K2Bi8Se]  i  compound  were  annealed  under 
vacuum  at  500  °C  for  36  h  to  increase  the  conductivity. 

The  electrical  properties  of  the  prepared  single  crystals  were  measured  using  a  four-probe 
conductivity  and  a  slow-ac  thermopower  measurement  technique  [10,1 1].  The  measurement 
apparatus  featured  Au(0.07%  Fe)/Chromcl  differential  thermocouples  for  monitoring  the  applied 
thermal  gradients.  The  sample  and  thermocouple  voltages  were  measured  with  Kcithlcy  model  181 
or  model  182  nanovoltmeters.  Electrical  contacts  to  the  crystals  consisted  of  fine  Au  wire 
(10  -  60  pm  diameter)  leads  attached  to  the  crystals  with  Au  or  Ag  paste.  The  Au  paste  contacts 
were  generally  superior  to  those  made  with  Ag  paste.  The  excitation  currents  for  conductivity 
measurement  were  kept  as  low  as  possible,  typically  1.0  mA  or  less,  to  minimize  the  influence  of 
non-ohmic  voltage  re.sponse.  In  addition,  the  conductivity  measurements  took  place  in  a  reduced 
pressure  (~  10  mTorr)  of  dry  helium  gas  to  improve  the  thermal  equilibrium  throughout  the 
mea.surements.  The  thermopower  measurements  employed  thermal  gradients  -  0. 1  -  0.3  K.  These 
measurements  took  place  under  turbopumped  vacuum  of  <  2  x  10  Torr  and  the  sample  chamber 
was  evacuated  for  several  hours  prior  to  the  cooldown  procedure  to  remove  any  residual  water 
vapor. 

The  thermal  conductivity  mea.surements  were  taken  on  polycrystalline,  pressed  pellet  .samples. 
The  automated  measurement  technique  [12]  was  based  on  a  pulsed  heat  method  dc.scribcd  by 
Maldonado  [13].  This  measurement  yields  both  thermal  conductivity  and  thermoelectric  power  data 
simultaneously.  The  sample  mounting  method  incorporated  a  four  probe  measurement 
configuration,  having  the  Cu/Con.stantan  differential  thermocouple  junctions  placed  along  the 
length  of  the  sample,  away  from  the  ends  of  the  pellet.  Vacuum  levels  were  below  10" Torr 
throughout  the  experiment.  The  thermocouple  Junctions  were  fixed  to  the  sample  with  GE  7031 
varnish.  For  thermoelectric  power  measurements,  10  micron  diameter  Au  wires  were  Au  pasted  to 
the  sample  at  the  .same  locations  as  the  differential  thermocouple  junctions.  Reference 
measurements  on  a  commercially  prepared  Bi2Tc3  sample  differed  by  less  than  1071  from  the 
manufacturer's  data  [14], 

RESULTS 

The  crystal  structures  of  the.se  Bi-chalcogcnidc  compounds  CsBi4Tcf,  and  p-K2Bi8Sci3  have 
been  examined  by  X-ray  diffraction  methods  and  the  structures  were  solved  and  refined  by 
standard  analysis  methods.  The  procedures  employed  for  these  solutions  are  detailed  elsewhere 
[4,15].  These  materials  display  layered  cry.stal  structures  that  derive  from  Bi2Te3.  Like  other  alkali- 
metal  Bi-Te  compounds,  CsBi4Te6  exhibits  a  stmeture  with  the  alkali  metal  atoms  between 
adjacent  Bi-Te  layers.  In  contrast,  the  p-K2Bi8Sei3  stracture  contains  fragments  of  the  Bi2Te3 
layer  strueture,  along  with  other  building  blocks  of  NaCI  and  Cdh  forms.  These  distinct  blocks 
connect  together  into  a  complex  three-dimensional  network  [15].  Thus,  both  materials  possess 
lower  symmetry  than  Bi2Te3,  and  this  represents  one  .strategy  for  reducing  thermal  transport. 

The  electrical  measurements  identified  temperature  dependent  properties  reminiscent  of 
Bi2Te3.  The  conductivity  versus  temperature  displayed  a  weak  metallic  dependence,  with  the 
conductivity  decreasing  as  the  temperature  increased  from  4  K  to  295  K,  as  shown  in  Fig.  1 .  The 
CsBi4Te6  crystals  exhibited  some  variation  in  conductivity,  with  room  temperature  values  ranging 
from  =:  350  S/cm  to  a  maximum  of  2440  S/cm.  The  p-K2BigSei3  cry.stals  showed  lower 
conductivities  in  comparison,  with  typical  values  of  200  -  240  S/cm  at  room  temperature. 

Annealing  these  crystals  increased  the  room  temperature  conductivity  to  as  high  as  670  S/cm. 
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The  thermopower  results  for  these  new  Bi-chalcogenides  also  followed  the  behavior  seen  in 
Bi2Te3  compounds  (see  Fig.  2).  The  p-type  thermoelectric  response  of  CsBi4Te6  was  large  at 
room  temperature  -  +1 10  pV/K,  typical  for  a  semiconductor,  but  the  temperature  dependence  did 
not  show  the  activated  behavior  of  semiconductors.  Instead,  the  thermopower  tended  toward  zero 
at  low  temperatures  as  one  would  expect  from  a  metal.  The  CsBi^Tee  crystals  showed  little  sample 
to  sample  variation  in  thermopower,  in  contrast  to  the  conductivity.  As  shown  in  Fig.  2a,  the  S(T) 
data  for  both  low  and  high  conductivity  samples  were  nearly  identical  over  the  entire  range  of 
temperature.  The  samples  reached  a  peak  in  S(T)  just  below  room  temperature.  Figure  2b  presents 
thermopower  results  for  the  as-prepared  and  annealed  p-K2Bi8Se]3  crystals.  This  compound 
exhibits  n-type  conduction,  unlike  the  p-type  CsB^Tee,  as  indicated  by  the  negative  thermopower. 
The  as-prepared  crystals  displayed  S(295  K)  =  -200  |iV/K,  with  the  magnitude  still  increasing. 


Fig.  2  -  Thermopower  versus  temperature  for  a  single  crystals  of:  a)  CsBi4Te6;  b)  p-K2Bi8Sei3. 

Thermal  transport  measurements  are  more  difficult  to  perform  on  thin,  needle  crystals.  As  a 
result,  thermal  conductivity  measurements  were  performed  on  pressed  pellets  of  these  materials. 
Figure  3  presents  thermal  conductivity  versus  temperature  data  for  a  pellet  of  CsBUTee,  measured 
by  the  pulsed  method  described  above.  The  thermal  conductivity  varied  from  9-12  mW/cm*K, 
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with  a  shallow  minimum  between  170  and  210  K.  Thermal  conductivity  for  the  p-K2Bi8Sei3 
compound  was  measured  at  room  temperature  only,  yielding  a  value  of  8.3  mW/cm*K. 


Fig.  3  -  Thermal  conductivity  versus  temperature  for  a  pressed  pellet  of  CsBi4Tefi. 
DISCUSSION 

The  conductivity  results  for  CsBi4Te6  appear  very  promising.  A  number  of  the  crystals  we 
studied  had  a(295  K)  greater  than  1000  S/cm,  with  the  best  sample  reaching  2440  S/cm.  As 
shown  in  Fig.  2,  the  thermopower  results  for  two  specimens,  one  having  the  highest  and  the  other 
much  lower  conductivity,  showed  nearly  identical  response.  The  similar  thermopower  value 
among  many  samples  suggests  that  these  crystals  have  similar  carrier  densities  and  therefore  the 
differences  in  conductivities  may  indicate  mobility  variations  among  the  crystals.  The  sample 
geometry  is  another  factor  that  would  influence  the  measured  conductivity  but  not  the 
thermopower.  The  needle-like  cry.stals  po.ssc.ss  small  and  sometimes  irregular  cross-sectional  area, 
contributing  to  dimensional  measurement  inaccuracy.  However,  the  cross-section  geometries  were 
always  calculated  conservatively  to  err  on  the  side  of  lower  conductivities.  In  the  p-K2Bi8Sei3 
cry.stals,  the  electrical  measurements  indicate  that  annealing  under  vacuum  incrca.ses  the  number  of 
carriers,  as  evidenced  by  an  increase  in  conductivity  along  with  a  decrease  in  thermopow'cr 
magnitude.  Hall  effect  measurements  should  be  valuable  as  a  probe  of  the  carrier  densities  and 
mobilities  in  the  various  crystals,  and  the.se  measurements  arc  in  progress.  The  results  will  provide 
both  a  better  understanding  of  these  materials  and  some  direction  for  optimizing  the  electrical 
properties  to  maximize  the  power  factor. 

The  thermal  conductivity  results  also  appear  promising.  The  electronic  contribution  to  the 
thermal  eonduetivity  can  be  estimated  from  the  Weidemann-Franz  law  for  metals: 

Kci  =  (2.44x1 0**)  a  T  (W/cm*K)  (2) 

using  the  o  values  for  the  pressed  pellets.  The.se  calculations  yield  Kd  =  1 .3  mW/cm*K  or  less, 
suggesting  that  the  measured  thermal  conductivities  are  dominated  by  the  lattice  contribution.  These 
preliminary  results  offer  some  evidence  that  the  reduced  symmetry  in  these  materials  may  act  to 
lower  the  lattice  thermal  transport  compared  to  Bi2Te3, 

The  conductivity  and  thermopower  results  were  combined  to  examine  the  power  factors  (S^a) 
in  the  different  samples  over  temperature  (.see  Fig.  4).  The  high  conductivity  sample  of  CsBi4Tef, 
stands  out  as  the  best,  while  the  other  samples  are  much  closer  to  one  another.  The  temperature 
dependenee  of  the  power  factor  in  the  CsBi4Te6  samples  reaches  a  peak  well  below  room 
temperature,  while  the  p-K2Bii{Sc]3  crystals  are  ju.st  reaching  a  peak  at  room  temperature.  For 
cooling  applications,  a  peak  in  the  power  factor  at  lower  temperatures  would  be  desirable.  In  the  p- 
K2Bi8Se]3  compound,  the  annealed  sample  shows  a  lower  power  factor  than  the  as-prepared 
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material,  as  expected  based  on  the  significant  drop  in  thermopower.  As  a  result,  the  annealed 
sample  would  also  demonstrate  a  lower  figure  of  merit,  Z.  Therefore,  the  annealing  treatment  in 
this  material  is  not  effective  for  improving  thermoelectric  performance. 


Fig.  4  -  Power  factor  versus  temperature  for  Bi-chalcogenide  single  crystals. 


Finally,  we  can  calculate  the  figure  of  merit,  ZT,  following  Eq.  1 .  Ideally,  the  electrical  and 
thermal  properties  would  all  be  from  the  same  sample.  However,  as  these  are  exploratory  studies 
of  new  materials,  figures  of  merit  based  on  the  single  crystal  electrical  properties  provide  valuable 
indications  of  the  potential  for  these  materials.  In  order  to  more  accurately  determine  ZT  for  the 
single  crystal  samples,  a  revised  K  is  necessary.  An  additional  contribution  from  Kei  was  estimated 
using  the  Wiedemann-Franz  law  (Eq.  2)  and  the  single  crystal  o(T)  data.  The  resultant  value  was 

added  to  the  measured  k.  Based  on  this  revised  k  value,  the  as-prepared  |3-K2Bi8Sei3  shows  a 
room  temperature  ZT  =  0.32  at  295  K.  Figure  5  presents  the  ZT  versus  temperature  results  for 
CsBUTee,  also  obtained  by  combining  the  single  crystal  electrical  data  with  the  revised  thermal 
conductivity  data.  The  high  conductivity  crystal  results  peak  at  ZT  =  0.32  near  260  K.  By 
comparison,  the  ZT  versus  temperature  for  the  low  conductivity  sample  of  CsBi4Te6  peaks  at 
ZT  =  0. 1 1  near  250  K.  The  ZT  data  for  both  crystals  show  a  relatively  broad  plateau  below  room 
temperature,  which  would  predict  good  cooling  performance  over  this  wide  temperature  range. 


Fig.  5  -  Figure  of  merit,  ZT,  versus  temperature  for  CsBi4Te6  single  crystals. 
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These  figure  of  merit  results  provide  definite  encouragement  to  explore  these  new  materials  in 
ore  detail.  It  is  important  to  note  that  because  the.se  materials  derive  from  Bi2Te3,  they  are 
obably  closer  to  semiconductors  than  metals.  As  pointed  out  by  Ioffe  [16],  Wiedemann-Franz 
ileulations  may  overestimate  Kei  in  that  case,  especially  for  the  lower  conductivity  crystals  but 
so  for  the  high  conductivity  CsBi4Te6  crystal  at  higher  temperatures.  This  overestimation  would 
duce  any  calculated  ZT  values,  so  the  numbers  given  above  arc  conservative  estimates.  In 
Idition,  these  results  do  not  represent  optimized  materials,  but  rather  the  initial  studies  of  some 
•omising  new  thermoelectrics.  Further  studies  of  carrier  concentration  and  carrier  mobility  and 
leir  influence  on  single  cry.stal  samples  will  indicate  how  to  optimize  these  materials.  It  also 
mains  to  be  seen  whether  preparation  of  these  materials  for  working  thermoelectric  devices  can 
;hieve  comparable  properties  to  these  single  crystal  results. 

INCLUSIONS 

The  polyehalcogenide  flux  technique  was  used  to  prepare  new,  crystalline  Bi-chalcogenidc 
laterials,  derived  from  Bi2Te3.  Two  new  compounds,  CsBi4Te6  and  p-KiBisSei  r,  have  been 
lentified  as  very  promising  materials  for  thermoelectric  cooling  applications,  based  on  their 
lectrical  conductivity  and  Seebeck  coefficients.  Thermal  conductivity  results  show  reduced 
lermal  transport  relative  to  Bi2Te3.  The  electrical  and  thermal  properties  yield  figures  of  merit 
IT  >  0.3  near  room  temperature.  These  investigations  continue  in  an  effort  to  better  understand 
ae  electrical  properties  and  to  prepare  optimized  samples  with  still  higher  figures  of  merit. 
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ABSTRACT 

A  solid  state  chemisriy  synthetic  approach  towards  identifying  new  materials  with  potentially 
superior  thermoelectric  properties  is  presented.  Materials  with  complex  compositions  and 
structures  also  have  complex  elecU'onic  stmctures  which  may  give  rise  to  high  tliemioelectric 
powers  and  at  the  same  time  possess  low  thermal  conductivities.  The  structures  and 
thermoelectric  properties  of  severd  new  promising  compounds  with  K-Bi-Se,  K-Bi-S,  Ba-Bi- 
Te,  Cs-Bi-Te,  and  Rb-Bi-Te  are  reported. 


INTRODUCTION 


Interest  in  new  thennoelectiic  (TE)  materials  with  improved  figures  of  merit  is  increasing 
rapidly  [1,2],  Tlie  much  increased  sophistication  of  materials  research  coupled  with  many 
discoveries  of  new  compounds,  a  wider  variety  of  observed  phenomena,  and  vastly  improved 
capabilities  for  calculation  of  electronic  structure  and  properties,  provide  a  solid  foundation  for 
discovering  new  thennoelectrics  once  again.  Efficient  TE  materials  would  revolutionize  the 
small  cooler  industry  by  eliminating  tlie  use  of  freons  and  by  eliminating  the  moving  parts  in 
coolers  (except  possibly  for  fans)  and  would  allow  cooling  of  distributed  systems,  and  even 
faster  electronics.  To  improve  device  perfonnance  one  needs  to  maximize  the  thennoelectiic 
figure  of  merit,  ZT  =  (S2o/k)T;  where  S  is  the  thermopower,  a  the  electiical  conductivity,  k  die 
themial  conductivity  and  T  is  the  temperature.  All  three  of  these  properties  are  deteimined  by 
the  details  of  the  electronic  structure  and  scattering  of  chai'ge  earners  (electrons  or  holes)  and 
thus  are  not  independently  conU'ollable  parameters,  k  also  has  a  contiibution  from  lattice 
vibrations,  ki,  the  phonon  themial  conductivity.  Thus  k  =  Ke  +  ki,  where  Xe  is  the  earner 
thennal  conductivity.  Therefore  one  must  increase  a  and  S  while  minimizing  k.  Since  the 
electiical  conductivity  and  thermopower  of  optimally  n  or  p  doped  Bi^Tej  is  in  the  range  of 
500-800  S/cm  and  +  220  pV/K  [3]  respectively,  significant  improvements  in  thennoelectiic 
figure  of  merit  could  occur  if  materials  of  comparable  conductivities  but  thermopowers  of  300 
to  350  pV/K  can  be  found. 


We  have  initiated  an  exploratory  synthesis  program  to  identify  new  multinai^  phases 
with  Bi  and  Sb  witli  nairow  band-gaps  which  may  be  suitable  as  thermoelectric  materials.  This 
work  is  based  on  the  proposition  that  materials  with  more  complex  compositions  and  stmctures 
should  have  complex  electronic  stmctures  which  may  give  rise  to  high  theimoelectric  powers 
according  to  the  Mott  fomiula  below,  and  at  the  same  time  possess  low  thennal  conductivities. 
The  thermopower  S  is  given  by  the  Mott  equation: 


k-T  dlncs{E) 
3  e  (IE 


E=E, 
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where  o(E)  is  the  electrical  conductivity  detennined  as  a  function  of  band  fdling.  The  electronic 
conductivity  o=  o(E)  where  E(  is  the  Fenni  energy.  If  the  carrier  scattering  is  independent 

of  energy,  then  o(E)  is  just  proportional  to  the  density  of  states  at  E.  In  the  general  ease,  S  is  a 
measure  of  the  difference  in  o(E)  above  and  below  the  Fermi  surface  -  specifically  through  the 
logarithmic  derivative  of  it  with  respect  to  E,  .see  the  equation  above.  So  by  manipulating  the 
energy  dependence  of  c(E)  one  can  control  .simultaneously  a  and  S.  Since  the  thennopower  of 
a  material  is  a  measure  of  the  asymmetry  in  electronic  structure  and  .scattering  rates  near  the 
Fenni  level  (E^)  [3],  we  aim  to  produce  complexities  in  either  or  both  in  a  small  energy  interval 
(a  few  kT)  near  E,.  While  simple  materials  u.sually  have  simple  band  structures,  cooperative 
electronic  phenomena  in  a  few  materials  lead  to  complex  structures  in  the  electronic  excitations 
and  thus  also  possibly  to  high  thermopowers.  Because  metallic  compounds  typically  have 
small  thermopowers  and  large  thermal  conductivities  we  focus  our  efforts  in  materials  wliich 
are  nanow  gap  .semiconductors  or  .scmimctals  (band-gap  0<Ej,<0..‘i  eV). 

Despite  the  empirical  guidelines  one  has,  it  is  still  challenging  to  choo.se  the  p.articular 
.system  for  exploration.  The  fact  that  Bi;,Tej  is  the  best  material  known  to  date  suggests  that  it 
combines  many  of  the  neccs.sary  features  for  high  TE  response.  If  there  is  .something  .special 
about  bismuth  in  giving  ri.se  to  .simultaneou.sly  high  elecuical  conductivity  and  thennoclectric 
power,  it  should  bo  manife.sted  in  other  compounds  of  Bi  as  well.  This  suggests  a  re,search 
direction  where  one  could  explore  other,  more  complex,  chalcogenides  of  this  element  in  tlie 
hope  tliat  .some  (or  all)  of  the  key  properties  would  be  superior  to  those  of  Bi^Te,.  Further, 
one  can  argue  that  structurally  and  compositionally  more  complex  bismuth  chalcogenides 
would,  most  likely,  have  a  low  lattice  thennal  conductivity.  This  is  becau.se  a  structure  with  a 
large  unit  cell  is  expected  for  complex  materials,  which  would  decrea.se  the  acoustic  mode 
phonon  velocities  that  arc  responsible  for  the  transfer  of  heat  in  materials.  The  relatively  weak 
Bi-Te  bonding  and  the  large  atomic  masses  contribute  as  well  to  the  low  phonon  velocities. 
Therefore,  exploratory  .synthesis  in  this  region  of  the  periodic  table  becomes  a  reasonable 
activity  and,  as  the  preliminary  results  .show,  quite  promising.  In  this  article  we  prc.sent  our 
efforts  to  .synthesi/e  hulk  materials  with  enluinced  TE  figures  of  merit. 


RESULTS  AND  DISCUSSION 

Since  the  materials  u.sed  in  ihcmioelecuic  devices  am  chalcogcnide  compounds,  we  are 
.searching  for  more  complex  compounds  of  Ihis  type.  Since  many  chalcogenides  -  c.specially 
tho.se  that  are  complex  -  decompo.se  at  relatively  low  temperature  (perhaps  500  to  10(X)  "C),  a 
low  temperature  .synthesis  method  is  needed.  We  have  been  exploiting  polychalcogenide 
lluxes  [4]  for  exactly  tlie.se  purpo.se.s. 

We  have  obtained  many  new  pha.ses  of  bismuth  by  reacting  the  metal  with  alkali  metal 
chalcogenide  .salts  in  polychalcogenide  melts.  Table  1  .summarizes  .some  of  the  most  interesting 
new  materials  we  have  di.scovcred  in  the  course  of  this  work.  The  prototypical  Bi^Tcj  is  also 
li.sted  in  this  table  for  compari.son.  As  can  been  gleaned  from  the  table,  Bi,Te,  still  has  the 
highest  ZT,  however,  .some  of  the  new  pha.ses  have  .sufficiently  high  starting  ZTs  to  be 
promising  for  more  extensive  .studie.s.  We  note  that  the  new  materials  have  not  been  optimized 
at  all,  while  the  best  .samples  of  Bi,Tej  have  undergone  four  decades  of  continued 
development.  We  believe  .some  of  tlie  new  materials  in  Table  1  may  indeed  emerge  as 
competitive  thennoelectrics  in  the  future  if  their  development  is  .seriously  pursued.  Only  a  few 
of  the  materials  shown  in  Table  1  will  be  elaborated  upon  here. 

One  such  pha.se  is  the  orthorhombic  BaBiTcj,  which  was  prepared  at  750  °C  from  a  K^Te^ 
llux  in  which  a  mixture  of  Bi  and  Ba  were  di.s.solved.  The  .structure  of  this  material  is  two- 
dimensional  with  [BiTe,]^’  layers  alternating  with  Ba  cations,  sec  Figure  1  [5].  M:uiy 
intere.sting  features  exist  in  the  stnjcture,  one  of  which  is  the  pre.sencc  of  Te-Te  bonds  between 
Te  atoms  ananged  in  ribbons.  The  flat  Tc  ribbons  contain  z.ig-z.ag  Te  chains  and  they  arc 
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Table  1.  Thermoelectric  and  Other  Properties  of  New  Multinary  Compounds  Containing  Bi  and  Chalcogens 
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alternating  between  Bi-Tc  blocks,  which  look  like  tlicy  have  been  excised  out  of  a  rock-salt 
structure  [5]. 


y 


Figure  1.  The  anisotropic  structure  of  BaBiTe,.  The  open  white  circles  represent  Te  atoms. 

BaBiTcj  is  a  semiconductor  with  a  narrow  band-gap  of  0.^5  cV  and  has  promising 
elcch'ical  properties.  The  electrical  conductivity  is  reasonably  high  at  ~50  S/cm  and  its 
theiTnoclcctric  power  reaches  2(K)-22n  pV/K  at  room  temperature.  The  thermal  conductivity, 
which  is  crucial  in  as.scssing  the  compound’s  potential,  is  only  that  of  the 

rhombohcdral  BijTe,.  Tlic  tlicrmal  conductivity  is  supprc.ssed  because  of  the  low  .symmetry 
and  becau.sc  unit  cell  is  much  larger  than  that  of  BijTe,.  The  compound  also  contains 
additional  soft  phonon  modes  from  the  Ba— Te  interactions.  The  latter  arc  absent  in  Bi,Te,. 
This  rc.sult  supports  the  notion  that  ternary  or  quaternary  compounds  should  possess  lower 
thcnnal  conductivity  than  the  conc,sponding  hinaiy  compounds.  In  order  to  fully  as.sc.ss  the 
potential  of  this  mateiial  for  cooling  devices,  controlled  n  and  p  doping  to  moderately  high 
levels  is  necessary.  We  have  been  .succe.ssful  in  obtaining  both  n-type  and  p-type  samples  of 
this  material  ba.sed  on  preparation  method.  N-type  material  forms  from  Te-rich  cesium 
polylelluride  flux,  and  p-type  forms  from  pola.ssium  polylelluride  flux.  In  C.SiTe,  flux  Te 
substitution  of  Bi  atoms  could  account  for  the  n-type  character  of  the  material.  Given  the 
similar  size  of  K*  and  Ba^*,  one  may  .speculate  that  in  KiTe*  flux  some  .substitution  of  Ba^’  by 
K*  atoms  renders  the  compound  p-type  hy  creating  holes  in  the  valence  band. 


50  100  150  200  250  300 


Temperature  (K) 

Figure  2.  Variable  temperature  single  crystal  conductivity  data  for  BaBiTcj. 
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Electronic  band  structure  calculations  on  BaBiTcj  show  that  it  possesses  substantial 
complexity  near  the  Fermi  level  [5]  and  this  suggests  interesting  thermoelectric  properties 
according  to  the  Mott  equation.  The  conductivity  of  single  crystals  at  room  temperature  was 
found  between  20  and  50  S/cm  with  a  weak  negative  temperature  coefficient  consistent  with  a 
metal-like  or  semimetallic  material,  see  Figure  2.  Qualitatively,  the  temperature  dependence  is 
similar  to  that  of  812X03.  At  room  temperature  the  Seebeck  coefficients  of  both  n-type  and  p- 
type  samples  are  large,  ~-200  |iV/K  and  '-t200  pV/K  respectively,  see  Figure  3.  ITie  p-type 
samples  exhibit  a  kink  of  unknown  origin  at  -215  K  and  an  unusual  sign  reversal  below  185 
K.  This  behavior  is  not  observed  in  the  n-type  samples  where  the  Seebeck  coefficient  decreases 
but  remains  negative. 


Figure  3.  Variable  temperature  single  crystal  thennopower  data  for  p-,  and  n-type  BaBiTCj. 

The  themial  conductivity  of  BaBiTe3  at  room  temperature  is  remarkably  low  with 
respect  to  that  of  813X63  (kl  -1.6  W/m-K)  [6].  Using  the  measured  values  of  the  electrical 
resistivity  in  conjunction  with  die  Wiedemann-Franz  law  [7],  we  estimate  the  maximum 
possible  value  of  the  electronic  theimal  conductivity  contribution  to  be  below  1%  of  the  total 
theiTnal  conductivity  of  BaBiTcs.  Thus,  essentially  all  heat  in  the  compound  is  carried  by 
lattice  phonons.  Hence,  at  least  from  the  perspective  of  thermal  transport,  the  BaBiTe3  satisfies 
one  of  the  key  requirements  for  a  useful  thennoelectric  material,  and  in  fact,  it  possesses  one  of 
the  lowest  themal  conductivity  values  ever  reported  for  a  potential  thermoelectric  material.  The 
veiy  low  theiTnal  conductivity  of  BaBiTe3  implies  that  Ae  modification  of  the  structure  and 
composition  of  Bi2Te3  by  the  incoiporation  of  BaTe*  or  A2Tej  (A=alkali  metal)  into  it  is  a 
collect  approach  in  lowering  its  latdce  theimal  conductivity.  The  calculated  ZT  at  room 
temperature  from  a  crystal  having  cj=42  S/cm,  S=205  pV/K  and  k=6.3  mW/cm-K  is  0.085 
compared  to  -0.9  for  Bi2Te3.  If  ways  could  be  found  to  enhance  the  electrical  conductivity 
and,  at  the  same  time,  preserve  or  even  increase  the  already  large  thermopower  a  promising 
theimoelectiic  material  might  be  obtained.  To  achieve  this  we  need  additional  information 
regarding  the  transport  properties  including  carrier  concentrations  and  mobilities.  Then 
optimization  of  these  properties  could  be  accomplished  by  controlling  accurately  the 
stoichiometry  of  these  materials.  This  work  is  cuirentiy  underway. 

Two  other  interesting  phases  we  discovered  are  the  sulfides  KBij  33810  and  KjBijS^. 
[8]  They  belong  to  tlie  general  family  of  compounds  (AjQin/BijQ,),,,  (A=alkali  metal;  Q=S, 
Se)  with  n=l  and  m=6.33,  4,  respectively.  In  an  architectural  context,  both  compounds  can  be 
thought  of  as  an  intimate  composite  of  two  different  structure  types  interconnected  to  form  a  3- 
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D  network.  They  have  ihrec-dimcn.sional  orthorhombic  structure.s  made  up  of  Bi,Te,-type 
(NaCl-type)  blocks  and  Cdij-typc  fragments  that  connect  to  form  tunnels  filled  with  eight- 
coordinate  K*  cations.  This  may  be  beneficial  to  the  electronic  properties  of  the  compounds 
which  may  bear  .similarities  to  tho,sc  of  BijTe,.  The  lower  .symmetry  they  possess  may  re.sult 
in  low  thcnnal  conductivity  and  could  give  ri.se  to  a  .superior  thermoelectric  material.  The 
[Bii  jjSio]'  framework  is  made  of  edge-sharing  BiS^  octahedra,  as  shown  in  Figure  4.  The 
structure  of  KjBig.S,,  is  .similar,  but  the  BijTcj-typc  (NaCl-type)  blocks  and  Cdl^-typc 
fragments  arc  arranged  differently,  Figure  5A.  The  features  of  both  structure  types  found  in 
both  frameworks  arc  highlighted  in  the  figures.  The  i.so.structural  .selenium  analog  of  K^Bis.Sn 
has  also  been  prepared.  The  .structure  of  K2Bi8.S|3  and  p-K2Bi8.Scij  is  clo.scly  related  to  that 
of  Sr4Bi(;.Soi3  [9]  by  replacing  two  Sr’*  atoms  with  two  K+  atoms  and  the  rcm,iining  two  Sr2+ 
atoms  with  two  Bi^+  atoms.  Thc.se  substitutions  arc  isoclectronic  on  average  and  do  not 
require  compositional  changes  in  the  "BiftSei^"  part  of  the  compound. 


Figure  4.  The  .structure  of  KBi,,„S,„  .  Small  white  circles  are  sulfur  atoms.  Large  circles 
arc  K  atoms. 

Thc.se  ternary  bismuth  .sulfides  have  promising  clccuncal  properties  with  maximum 
conductivity  and  thennopower  of  ~2(K)  .S/cm  and  — 90|jV/K,  respectively.  The.se  are 
unoptimized  values  and  we  believe  they  can  be  greatly  improved  by  further  processing.  Using 
the  measured  values  of  the  electrical  rcsi.stivity  in  conjunction  with  the  Wiedemann-Franz  law, 
we  e.stimate  the  maximum  po.ssihlc  value  of  the  electronic  tlicrmal  conductivity  contribution  to 
be  below  1%  of  the  total  thermal  conductivity.  Thus,  c.s.scntially  all  heat  in  thc.se  compounds  is 
carried  by  lattice  phonons.  The  plca.sant  surpri.se  in  thc.se  compounds  comes  from  the  rather 
low  thcnnal  conductivity  they  po.s.sc.ss,  as  found  c.spccially  in  the  sulfide  KBi5,,S,„.  Taking  as 
a  bench  mark  the  room  temperature  value  of  the  toUil  thermal  conductivity  of  Bi,Te,  (k,  =  1.6 
W/m-K),  we  note  that  the  total  thcimal  conductivity  of  KBi,,  „S,o  is  actually  lower  (Figure  6). 
Hence,  at  lca.st  from  the  perspective  of  thcnnal  transport,  these  compounds  .satisfy  one  of  the 
key  requirements  for  a  useful  thcnnoelectiic  materials,  they  possess  low  lattice  thermal 
conductivity.  This  is  an  important  finding  bccau.sc  KBi^  ,,.S,„,  being  a  sulfide,  is  expected  to 
possess  higher  thermal  conductivity  compared  to  the  heavier  tclluridcs.  If  controlled  doping 
can  enhance  the  electrical  conductivity  and  at  the  same  time  pre.scrvc  or  even  increase  the 
thermopower,  in  the  ca.se  of  KBif,,,.^,,,  we  indeed  might  have  a  promising  thermoelectric 
material.  To  achieve  this,  we  need  additional  information  regarding  the  transport  properties 
including  earner  concentrations  and  mobilities.  Both  KBi,,  ,,S|„  and  KjBij.S,,  melt  with  no 
dccompo.sition  at  710  ”C  and  713  "C  rc.spcctivcly,  suggesting  they  will  be  amenable  to 
thermoelectric  element  fabrication  and  procc.ssing,  similar  to  that  currently  u.scd  in  Bi,Te, 
technology. 
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Figure  5.  Left:  The  structure  of  KaBigSis  and  p-K2BigSei3.  Right:  The  structure  of 

K2.5Bi8.5Sei4. 

A  related  phase  is  that  of  K2,5Bi8,5Sei4  which  differs  from  p-K2Bi8Sei3  in  that  it  has 
in  its  formula  an  additional  one  half  of  an  equivalent  of  KBiSoj.  In  K2,5Bi8,5Sei4  only  NaCl- 
and  Bi2Te3-type  blocks  exist.  The  addition  of  "BiSea"  in  the  Cdl2-type  blocks  of  p-K2Bi8Sei3 
generates  Bi2Te3-type  blocks  which  are  five-bismuth  atoms  wide.  This  small  structural 
modification  preserves  the  same  connectivity  of  the  NaCl-type  fragments  and  the  same  size  and 
shape  of  the  K  atom  sites  as  in  p-K2Bi8Sei3,  see  Figure  5B. 


Figure  6.  Variable  temperature  thermal  conductivity  data  for  a  polycrystalline  ingot  of 

KBij  jjSjQ. 

The  electrical  properties  of  p-K2Bi8Sei3  and  K2,5Bi8,5Sei4  were  measured  on  single 
crystal  samples  and  polycrystalline  ingot  samples  [10].  There  is  typically  a  variation  of 


339 


conductivity  among  crystals  of  the  same  compound  which  may  be  due  to  a  number  of  factors 
including  errors  associated  with  calculating  the  geometric  factors  of  a  given  sample.  The 
highest  room  temperature  conductivity  value  obtained  for  single  cry.stals  of  p  -KzBisSci^  was 
240  S/cm  with  a  weak  negative  temperature  dependence  consistent  with  a  semi-metal  or  a 
narrow  band-gap  semiconducting  material.  Tlierc  is  a  striking  difference  in  conductivity  when 
compared  to  a-K2BisSci3  [1 1]  which  shows  a  room  temperature  value  of  2  S/cm,  and  it  is  due 
to  the  .substantial  structural  differences  between  the  a-  and  p-  forms.  Polycrystallinc 
compactions  of  tlicsc  materials  show  .similar  trends  where  at  room  temperature  the  a- 
K2Bi8Sci3,  has  a  conductivity  of  0.01  S/cm  while  p-K2BisSci3  and  K2.5Bi8  5SC14  show  -  30 
and  ~  150  S/cm  (see  Figure  7A),  rc.spcctivcly.  This  enormous  difference  is  attributed  to  tlie 
fact  that  p-K2Bi8Sei3  and  K2  sBij  5SC14  have  more  den.se  three-dimensional  structures  than  a- 
K2Bi8Sei3,  which  gives  ri.sc  to  greater  orbital  overlap  in  the  Bi-Sc  network  and  con.scquently 
lower  band  gap.  Among  p-K2Bia.Sei3  and  K2Bi8S|3  the  former  has  a  higher  electrical 
conductivity  as  would  be  expected. 


Figure  7.  Top:  Variable  temperature  electrical  conductivity  and  thermoelectric  power  data  for 
a  polycrystallinc  ingot  of  K2,5Bi8.5Sci4.  Bottom:  Variable  temperature  thermoelectric  power 
data  for  (a)  a  single  crystal  and  (b)  a  polycry.stallinc  ingot  of  p-K2Bi8Sei3. 
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The  thermopower  data  for  p-K2Bi8Sei3  and  K2,5Bi8.5Sei4  show  large  negative 
Seebeck  coefficients  (-200  and  -100  pV/K  at  room  temperature,  respectively),  which  indicate 
the  charge  earners  are  electrons  (n-type),  see  Figures  7.  It  is  remarkable  that  the  thermopower 
behavior  and  magnitude  of  the  p  -K2Bi8Sei3  is  similar  to  that  of  its  a-analog  [11]  despite  the 
large  differences  in  conductivity.  The  thermopower  values  in  these  materials  become  less 
negative  as  the  temperature  is  decreased  from  300  K  to  4  K,  reminiscent  of  a  metallic  behavior, 
but  the  very  large  Seebeck  coefficients  suggest  these  materials  are  in  fact  semiconductors.  The 
semiconducting  character  is  also  supported  by  the  fact  that  optical  gaps  exist  in  the  materials. 
Diffuse  reflectance  spectroscopy  on  p-K2Bi8Sei3  and  K2.5Bi8.5Sei4  at  room  temperature 
revealed  the  presence  of  electronic  transitions  associated  with  the  gap  at  0.59  eV  and  0.56  eV, 
respectively. 

Annealing  p-K2Bi8Sei3  in  vacuum  at  500  “C  for  1.5  days  more  than  doubles  the  room 
temperature  electrical  conductivity  to  values  of  670  S/cm  while  maintaining  the  metal-like 
positive  slope  as  a  function  of  temperature,  see  Figure  8.  At  the  same  time  the  thermopower 
drops  to  -100  |iV/K  from  -200  pV/K.  The  negative  sign  of  the  thermopower  after  annealing 
indicates  that  the  canier  type  has  not  changed,  and  suggests  that  this  process  generates  more  n- 
type  caiiiers  in  the  material  perhaps  through  the  creation  of  Se  vacancies  in  the  lattice.  We  plan 
to  cany  out  extensive  studies  on  this  material  to  better  understand  the  thermal  effects  operating 
during  annealing  and  to  improve  its  thennoelectric  properties. 

The  room  temperature  thermal  conductivities  of  p-K2Bi8Sei3  and  K2,5Bi8, 58614  are 
comparable  (1.28  and  1.21  W/m-K,  respectively)  and  lower  than  that  of  optimized  Bi2Te3. 
Some  pressed  pellets  of  p-K2Bi8Sei3,  however,  showed  room  temperature  k  values  of  0.83 
W/m-K.  This  clearly  suggests  that  it  is  possible  to  achieve  lower  thermal  conductivity  in 
ternaiy  compounds  with  complex  compositions  and  crystal  structures  compared  to 
coixesponding  high  symmetry  binary  compounds.  Here  again  die  maximum  possible  values  of 
the  Ke  contribution  in  both  cases  were  estimated  to  be  less  than  1  %  of  k.^,  and  so  most  of  the 
heat  in  p-K2Bi8Sei3  and  K2.5Bi8,5Sei4  is  earned  by  lattice  phonons.  The  thermal  conductivity 
of  p-K2Bi8Sei3  in  die  temperature  range  of  4-300  K  is  significantly  lower  than  that  of  the 
isostructural  compound  K2Bi8Si3,  which  is  consistent  with  the  fact  that  the  heavier  Se  atoms 
soften  the  lattice  phonons  thereby  slowing  down  heat  transport  in  the  material. 
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Figure  8.  Electrical  conductivity  and  thermopower  data  for  annealed  single  crystal  specimens 
of  p-K2Bi8Sei3  as  a  function  of  temperature. 

Based  on  these  results  p-K2Bi8Sei3  and  K2,5Bi8.5Sei4  seem  to  be  quite  promising  as 
theimoelectrics.  The  figure  of  merit  (ZT)  as  a  function  of  temperature  for  “as  prepared”  p  - 
K2Bi8Sei3  is  shown  in  Figure  9A.  The  room  temperature  zT  value  is  0.22  (0.39  if  the  lower  k 
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value  of  0.83  W/m-K  is  considered.  By  compari.son  optimized  Bi2Te3  has  a  ZT  of  0.87  [2]. 
Given  that  tlic  compounds  reported  here  have  not  been  optimized,  it  may  be  fairer  to  compare 
the  ZT  of  p-K2Bi8Sci3  with  that  of  unoptimized  (i.c.  as  prepared)  Bi2Te3  which  is  typically  in 
the  neighborhood  of  0.55.  The  better  performance  of  Bi2Te3  derives  mainly  from  its  higher 
electrical  conductivity  (a  ~  850  S/cm)  .since  the  thermopower  of  the  materials  reported  here  is 
comparable  while  their  thermal  conductivity  is  lower.  Therefore,  a  reasonable  approach  to 
improve  the  thermoelectric  figure  of  merit  of  the  ternary  compounds  in  this  class  could  be 
sulfur  doping  or  solid  .solutions  of  K^BiyOSeS),  ba.scd  on  the  fact  that  .sulfide  compounds  tend 
to  adopt  the  same  structure  types  as  corre.sponding  .sclcnide  compounds. 


CsRi  Te  -  singir 


Figure  9.  Temperature  dependence  of  thermoelectric  figure  of  merit  (zT)  for  (A)  crystals  of  p- 
K2Bi8Sei3.  (B)  for  .selected  cry.stals  of  C.sBi4Te(i. 


Bi  -  Bi  bond 


Figure  10.  The  .structure  of  C.sBi.,Te(,.  Large  black  circles  arc  Cs  atoms,  open  circles  are  Te 
atoms  [12]. 

Finally,  the  new  pha.se  C.sBi4Tc(,  al.so  .seems  very  promising  [12,  13].  The  compound 
is  a  layered  ani.sotropic  material  which  grows  in  a  needle  type  morphology.  It  is  compo.sed  of 
anionic  [Bi4Tc6]  layers  alternating  with  layers  of  Cs  ions,  .sec  Figure  10.  The  average 
oxidation  .state  of  Bi  is  Ic.ss  than  three  with  .some  of  the  Bi  atoms  forming  Bi-Bi  bonds.  The 
pre.scncc  of  .such  bonds  is  very  unu.sual  in  bi.smuth  chalcogcnidc  chemistry  and  it  is  not  clear  at 
the  moment  whether  they  play  a  role  in  the  enhanced  thcnnoclectric  properties  of  the  material. 
The  Bi  coordination  geometry  is  octahedral.  Preliminary  data  .show  that  cry.stals  of  CsBi4Tef, 
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have  room  temperature  elecuical  conductivities  as  high  as  2440  S/cm  which  is  much  higher 
than  that  of  optimized  BiaTes  (-850  S/cm).  The  room  temperature  thermopower  ranges  from 
90  to  120  nV/K,  lower  than  the  220  piV/K  typically  found  for  optimized  Bi2Te3.  Theimal 

conductivity  measurements  on  pressed  pellets  show  values  in  the  range  0.9-1. 8  W/m  K  which 
is  comparable  to  that  of  Bi2Te3.  These  values  give  rise  to  a  relatively  high  room  temperature 
ZT  of  0.8  at  a  zT^  of  0.95.  A  plot  of  ZT  versus  temperature  for  selected  ciystals  of  CsBi4Te6 
is  shown  in  Figure  9B.  To  calculate  the  ZT  we  had  to  use  thermal  conductivity  values  obtained 
from  a  pressed  pellet  since  we  are  unable  to  make  such  measurements  on  small  single  crystals. 
Therefore,  the  true  ZT  values  may  be  off  by  20-30%.  Another  important  point  is:  does  the 
Wiedeman-Franz  law  apply  in  such  nanow  gap  semiconductors  and  if  yes  how  much  of  tire  k^, 
is  accounted  for  by  the  measured  value  of  the  pressed  pellet?  To  best  address  this  question  we 
need  to  obtain  thermal  conductivity  data  on  large  single  crystals  of  CsBUTee.  Work  to  obtain 
such  specimens  is  now  under  way.  Nevertheless,  these  values  are  some  of  the  highest  ever 
reported  (near  room  temperature)  for  a  material  other  than  Bi2Te3,  and  we  are  optimistic  that 
improvements  in  the  sample  preparation  of  CsBi4Te6  as  well  as  appropriate  doping  will  result 
in  significant  enhancements  in  these  properties  to  approach  or  surpass  tliose  of  Bi2Te3.  For 
further  discussion  of  these  results  see  reference  13. 


CONCLUDING  REMARKS 

Exploratory  synthetic  investigations  in  complex  bismuth  chalcogenides  are  revealing 
new  materials  with  promising  thermoelectric  properties.  Several  new  compounds  have  been 
identified  which  show  high  enough  zT  values  without  any  attempts  at  optimization.  We  believe 
further  work  of  this  type  will  uncover  odier  equally  interesting  new  phases.  The  most 
promising  phases  so  far  are  BaBiTe3,  3-K2Bi8Sei3,  K2.5Bi8.5Sei4  and  CsBi4Tef„  although 
KBif,  33Sio  could  also  be  viable  if  its  doping  could  be  controlled.  One  of  the  most  valuable 
lessons  we  have  learned  in  this  study  is  that  by  creating  complex  multinary  compounds  with 
lower  symmetry  and  larger  cell  asymmetric  units,  the  thermd  conductivity  of  thermoelectric 
materials  can  be  decreased  substantially  below  that  of  optimized  Bi2Te3.  We  believe  llie 
outlook  for  discovering  new  second  generation  tliermoelectrics  with  enhanced  performance  is 
bright. 
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